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1.  GENERAL INTRODUCTION 
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TABLE 1.  Various species of sulfur compounds 
Introduction 
General 
The element sulfur occurs in an extremely large 
variety of oxidation states. These range from 
completely reduced (e.g. sulfide, oxidation state –2) 
to completely oxidized (e.g. sulfate, oxidation state 
+6). Within this range of oxidation states a large 
variety of sulfur compounds is present in nature 
(Table 1). However, of this large variety of oxidation 
states, only three are abundant in nature; -2 in the 
form of sulfhydryl and sulfide; 0 in the form of 
elemental sulfur; +6 in the form of sulfate. These 
compounds are continuously converted into each 
other by a combination of biological, chemical and 
geochemical processes (Fig. 1). Especially the 
conversions of the inorganic sulfur compounds 
(sulfide, polysulfide, elemental sulfur, thiosulfate, 
sulfate) but to a lesser extent also that of organic 
sulfur compounds are dominated by Archaea and 
Bacteria (62, 63, 158, 159). On a global scale the 
complex combination of these processes results in the 
global sulfur cycle (Fig. 2). The complexity of the 
sulfur cycle is in fact even higher if one realizes that 
this cycle is strongly linked to that of other elements 
like carbon, nitrogen and iron through various 
biological and geochemical processes. The major part 
of the earth’s sulfur is deposited in sediment and 
rocks as gypsum (CaSO4) and pyrite (FeS2) and in 
oceans as sulfate. Another large part is incorporated 
into biomass through the synthesis of S-containing 
compounds like S-containing amino acids. 
Fig. 1. Redox cycle of sulfur. 
 
Reduction of sulfate and sulfite can be carried out 
either as assimilatory sulfate reduction for the 
synthesis of organic sulfur compounds (e.g. biomass) 
or as dissimilatory sulfate reduction in other to 
dispose the excess of reduction equivalents derived 
from dissimilation processes. The produced sulfide 
can be either deposited as metal sulfides like FeS and 
FeS2, or it can be chemically or biologically oxidized 
resulting in the formation of elemental sulfur or more 
oxidized sulfur compounds like sulfate. Sulfide can 
also be methylated both chemically or biologically to 
result in (volatile) organic compounds. Also due to 
assimilatory sulfate reduction a vast amount of 
organic sulfur compounds is present, which 
effectively connects the global cycle of sulfur with 
that of carbon. The microbial and biogeochemical 
cycling of these organic sulfur compounds with 
special emphasis to volatile (organic) sulfur 
compounds (V(O)SC), in freshwater systems, forms 
the subject of this study. 
Global significance of VOSC 
In the global sulfur cycle volatile sulfur 
compounds (VSC) are required in order to effectively 
connect the atmospheric with the terrestrial, oceanic, 
estuarine and freshwater compartments. The global 
significance of VOSC became clear when Lovelock et 
al. (84) detected low but significant amounts of 
dimethyl sulfide (DMS) in ocean waters. This led to 
the general assumption that DMS is the “missing 
link” in the global sulfur cycle connecting the ocean 
with the atmosphere compartment. Until then it had 
been assumed that the sulfur emission from the 
oceans to the atmosphere consisted mainly of H2S 
(11). Sulfide concentrations in ocean surface water 
sufficiently high to confirm its possible role in the 
global sulfur cycle, however, had never been detected.   
Component 
 
Appearance 
 
Oxidation 
state 
Hydrogen sulfide H2S / HS- -2 
Reduced organic  
  sulfur compounds 
 
mercaptanes, 
carbonyl- and 
methylsulfides 
-2 
Metal sulfides FeS, FeS2 -2 
Pyretic sulfur (S22-) -1 
Elemental sulfur S 0 
Thiosulfate S2O32- +2 
Tetrathionate S4O62- +2½ 
Dithionate S2O42- +3 
Sulfur dioxide SO2 +4 
Sulfite SO32- +4 
Sulfate SO42- +6 
 
  
Sulfur polymers   
Polysulfanes H-Sn-H  (n = 1-35)  
Polysulfides Sn2-  (n = 1-8)  
Organic polysulfanes R-Sn-R  (n = 1-35)  
Polythionates 
 
-O3S-Sn-SO3-  
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Fig. 2. Global biogeochemical cycle of sulfur. All reservoirs are given in 1011 moles S and all fluxes (arrows) in 1011 
moles S per year. R. T. is residence time. This figure is used with permission from J.J. Middelburg (90). 
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According to the new hypothesis, sulfur is transferred 
in the form of DMS from the ocean via the 
atmosphere (primarily as oxidation products from 
DMS) to terrestrial systems where it is deposited 
through rain precipitation (Fig. 2) (11). Since then 
research on the microbiology, chemistry and 
biogeochemistry of these organic sulfur compounds 
has been intensified. In 1987, Charlson (14) proposed 
a model based on the Gaian approach of ecosystems, 
which stated that increased global temperatures will 
result in an increased production of DMS due to a 
higher primary production of dimethylsulfoniopropio-
nate (DMSP), a precursor of DMS formation and 
osmolyte in many marine phytoplancktonic algae, and 
consequently to higher atmospheric DMS emission 
rates (Fig. 3). The model further predicts that 
enhanced atmospheric DMS concentrations will 
subsequently result in higher atmospheric 
concentrations of the oxidation products of DMS, 
which act as cloud condensation nuclei (CCN). 
Higher concentrations of these CCN will result in a 
more dense cloud albedo, reducing the amount of 
sunlight that reaches the earth’s surface and 
consequently reducing the global temperature. This 
drop in temperature was suggested to decrease the 
primary production of DMSP (in other words DMS). 
From then on DMS was considered to be 
counterproductive to the behavior of greenhouse 
gases like methane and carbon dioxide. Annually, vast 
amounts of not only DMS (75% of total sulfur flux) 
but also other V(O)SC (e.g. H2S and COS/CS2, 
representing 15 and 10% of the total sulfur flux, 
respectively) are released into the atmosphere by a 
combination of anthropogenic, geochemical and 
biological processes (Table 2). Besides the impact on 
processes like the global sulfur cycle and the global 
temperature control, V(O)SC cause environmental 
problems on local and regional scale. These problems 
were mainly related to the release of organic and 
inorganic sulfur compounds due to anthropogenic 
activities causing the acidification of large forests and 
lakes in North-west Europe. Locally, V(O)SC are 
notorious due to the odor problems these compounds 
cause (25). Whereas at low concentrations they are 
important components determining the flavor of beers 
and various types of cheese, at higher concentrations 
these V(O)SC (H2S, MT, DMS etc.) are very toxic 
(Table 3). Industries that release large amounts of 
V(O)SC are composting plants, municipal wastewater 
treatment plants (76), sludge treatment plants, paper 
and textile industries (114). Combustion of sulfur-
containing fossil fuels furthermore contributes to a 
large extent to the total emission of SO2 into the 
atmosphere. 
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R.T.: 11,000,000 yr
Sediments
Red. S:  1,800,000,000
Oxid. S:  2,000,000,000
R.T.:  200,000,000 yr
Hydrothermal Vent Sulfides: 24
Atmosphere
Total S: 1
R.T.: 1-5 days
Sea Spray: 12
Biogenic Gases: 13Rain and Dry 
Deposition: 63
Biogenic Gases: 8
Combustion: 25
Pyrite Weathering: 7
CaSO4 Weathering: 12
Human Mining: 20 
Dust: 6
Rivers: 36
Volcanism: 3
FIG. 3. Simplified scheme illustrating of the processes 
that link the biogeochemical cycle of DMS with climate. 
This figure is used with permission from J.J. Middelburg 
(90). 
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TABLE 2.  Emission rates of volatile (organic) sulfur compounds from natural and anthropogenic sources to the 
atmosphere (63). 
 
 Sulfur Compound Release (Tg • S • y-1) 
Source SO2 H2S DMS DMDS CS2 COS Total 
Oceanic  0-15 38-40 0-1 0.3 0.4 38.7-56.7 
Salt Marsh  0.8-0.9 0.58 0.13 0.07 0.12 1.7-1.8 
Swamps  11.7 0.84 0.2 2.8 1.85 17.4 
Soil and plants  3-41 0.2-4.0 1 0.6-1.5 0.2-1.0 5.0-48.5 
Burning of biomass 7 0-1  0-1  0.11 7.1-9.1 
Volcanoes/fumeroles 8 1  0-0.02 0.01 0.01 9.0 
Total 15 16.5-70.6 39.6-45.4 1.3-3.4 3.8-4.7 2.7-3.5 78.9-142.6 
 
 
Kiene and Bates (68) concluded that the amount of 
DMS that is emitted from natural systems and 
eventually reaches the atmosphere is only a minor 
fraction of the DMS formed biologically. The major 
part (90 %) of the DMS produced is degraded by 
anaerobic and aerobic microbes before it can be 
ventilated to the atmosphere. Microbial conversions 
therefore effectively control the fluxes of VOSC from 
natural systems to the atmosphere. The impact of 
environmental parameters on the delicate balance 
between VOSC-forming, VOSC-degrading and 
VOSC-ventilation processes, however, is not well 
understood. In order to be able to predict the effect of 
microbial conversion processes on the biological and 
anthropogenic emissions of these VOSC, more 
research is needed. Since DMS and methanethiol 
(MT) appeared to be the major VOSC in most natural 
systems, the formation and degradation of these 
compounds will be discussed in more detail. 
Microbial production of VOSC 
Besides the chemical production and conversion of 
V(O)SC by plants and animals, several mechanisms 
for the microbial formation of VOSC have now been 
identified (Table 4). Formation of MT and DMS has 
been reported to originate from amino acids like S-
methyl-methionine, methionine, S-methyl-cysteine, 
both under aerobic and anaerobic conditions (37, 59, 
74, 111). Methionine is first deaminated and 
subsequently demethylated to α-ketobutyrate, 
ammonia and MT. This degradation of methionine 
and several other methionine derivatives is catalyzed 
by the commonly occurring enzyme L-methionine γ-
lyase. Similarly, S-methyl-L-cysteine is degraded by 
the enzyme S-alkylcysteinase resulting in the 
formation of pyruvate, ammonia and MT. Conversion 
of S-methyl-methionine results in the formation of 
mainly DMS (69) whereas degradation of cysteine 
results in the formation of H2S. Under aerobic 
conditions the MT formed is chemically oxidized to 
dimethyl disulfide (DMDS) (63). 
In marine, estuarine and salt marsh systems formation 
of MT and DMS originates mainly from the 
degradation of DMSP, a common osmolyte in many 
algae, dinoflagellates, coccolithophores and halophilic 
plants species like Spartina alterniflora (18). DMSP 
content in these organisms appeared to depend on the 
salinity, pH and the presence of a nitrate-limitation 
(31, 129, 130). DMSP can be degraded by cleavage 
through the action of the enzyme DMSP-lyase 
resulting in the formation of acrylate and DMS (67). 
DMSP cleavage has been demonstrated for several 
aerobic (18, 27, 30, 67) and anaerobic bacteria (143, 
131), phytoplankton (19, 54, 55, 58, 119, 130), 
flowering plants (18, 48), and marine fungi (3). 
Alternatively, DMSP can be demethylated both 
aerobically as well as anaerobically to form 3-
methylmercaptopropionate (MMPA) (72, 73, 126, 
127, 131, 133, 134, 142). Subsequently, MMPA can 
be either demethiolated resulting in the formation of 
MT and propionate, or demethylated resulting in the 
formation of 3-mercaptopropionate (MPA) (132, 
142). MPA eventually, can be degraded both 
aerobically as well as anaerobically (72, 73, 142). 
 
TABLE 3.  Properties of some volatile sulfur 
compounds, derived from Bhatia (7), Suylen (122) 
and the Merck Index and Catalog (89). Lethal 
concentrations are expressed as LD50. 
Compound LD50 
(ppm) 
MAC 
(ppm) 
Odor 
threshold 
(ppm) 
H2S 444 10 8.5 – 1000 
MT 675 0.5 0.9 – 8.5 
DMS 40250 20 0.6 – 40 
DMDS 5 <20 0.1 – 3.6 
Note: MAC = Maximal Acceptable Concentration.  
 
Another commonly occurring mechanism of DMS 
formation is the reduction of dimethylsulfoxide 
(DMSO). Significant amounts of DMSO (1-200 nM), 
which probably originate from marine phytoplankton 
were found in ocean surface waters (1). DMSO 
reducing capacity was found to be widespread among 
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FIG. 4. Pathway of 3,4,5-trimethoxybenzoate (TMB)
degradation by Holophaga foetida strain TMBS4.
The sequential demethylation of TMB resulting in
the formation of syringate and 5-hydroxyvanilate is
followed by the degradation of the hydroxylated
residue via the phloroglucinol pathway. Question
marks indicate reactions that have not yet been
elucidated. This figure was used with permission of
J.-U. Kreft and B. Schink (78). 
TABLE 4.  Microbial mechanisms for VOSC degradation and production 
 
Mechanism Reaction 
VOSC formation  
DMSP cleavage DMSP                   Æ  acrylate  +  DMS 
MMPA demethiolation MMPA                  Æ  acrylate  +  MT 
S-amino acid degradation S-AA                     Æ  HS- / MT / DMS  +  AA 
DMSO reduction lactate  +  DMSO  Æ DMS + acetate  
Sulfide methylation  
     detoxification HS-  +  R-CH3       Æ  Ra  +  MT 
     MA degradation HS-  +  R-CH3       Æ  Rb  +  MT 
MT  +  R-CH3       Æ  Rb  +  DMS 
DMDS oxidation./reduction DMDS                          Å Æ  2 MT 
  
VOSC degradation  
Oxidation DMS/MT  +  O2    Æ  MT  +  CH2O  Æ  CO2  +  SO42- 
 DMS/MT  +  O2    Æ  CO2  +  S2O32- 
Phototrophic oxidation DMS/MT  +          Æ  DMSO 
Oxidation to DMSO DMS  +  O2           Æ  DMSO 
Denitrification DMS/MT  +  NO3-   Æ  N2  +  CO2 
Methanogensis DMS/MT                  Æ  CH4  +  CO2  +  HS- 
Sulfate reduction DMS/MT  +  SO42-   Æ  CO2  +  HS- 
Note: MA, methoxylated aromatic compounds; DMSP, dimethylsulfoniopropionate; MMPA, 
methylmercaptopropionate; S-AA, sulfur containing amino acids; AA, amino acids; MA, methoxylated 
aromatic compounds; DMSO, dimethylsulfoniopropionate; R, variable residue, group or compound. 
 
 
various aerobic and anaerobic bacteria, plants and 
animals (34, 46, 157). In spite of its widespread 
occurrence, the relevance of DMSO reduction as 
source for DMS in situ remains unclear.  
Reduction of DMDS can also give rise to MT 
formation. From incubations with DMDS amended 
sediment slurry, Kiene et al. (71) concluded that 
DMDS is reduced to MT. Subsequently, MT is 
metabolized to methane. Drotar et al.(35) and Larsen 
(81) showed that MT is also formed due to the 
methylation of sulfide by various bacteria from 
different habitats. This methylation of sulfide, which 
is mediated by sulfide-dependent thiol methyltrans-
ferases, is probably a way for these organisms to 
detoxify sulfide. This type of sulfide methylation 
appeared to be restricted to aerobic microorganisms 
only. Methylation of MT resulting in the formation of 
DMS by these organisms was not observed. 
Several authors have observed formation of MT 
and DMS during degradation of methoxylated 
aromatic compounds and concluded that this is caused 
by the methylation of sulfide and MT (4, 38, 70). 
Differences between lag phases between marine (2-3 
days) and freshwater sediments (no clear lag phase) 
before MT or DMS started to accumulate upon 
addition of methoxylated aromatic compounds 
suggest that these compounds are especially important 
precursors for MT/DMS formation in freshwater 
systems. In freshwater sediments DMS was the main 
VOSC whereas in marine sediments mainly MT was 
detected. It should be stressed that degradation of 
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FIG. 5. Schematic structural formula for lignin, The 
three precursor alcohols of lignin are shown on the 
lower right. One electron oxidation reaction of the 
precursors and subsequent polymerization reactions 
result in the formation lignin (22). 
TABLE 5.  Characteristics of bacteria performing anaerobic methylation of sulfide and homoacetogenesis during 
degradation of methoxylated aromatic compounds (syringate, 3,4,5-trimethoxybenzoate). 
 
Bacterium Products from methoxy 
groups 
Products from 
aromatic residue 
References 
Acetobacterium woodii acetate not degraded 2 
Sporomusa ovata acetate not degraded 121 
Clostridium thermoaceticum acetate not degraded 20 
Strain SS1 acetate not degraded 83 
Holophaga foetida DMS, MT or acetate acetate 4 
Termitobacter aceticus DMS, MT or acetate acetate 45 
Sporobacterium olearium DMS, MT or acetate acetate 87 
Strain SA2 DMS, MT acetate, butyrate 4 
Parasporobacterium paucivorans DMS, MT acetate, butyrate Chapter 6 
 
compounds like methionine or S-methylcysteine that 
normally only give rise to MT may also result in 
DMS formation in sediment slurry incubations and in 
situ, due to the methylation of the MT formed 
provided that methyl group donors are present. 
Various anaerobic bacteria performing sulfide-
mediated O-demethoxylation, which results in VOSC 
formation, have now been isolated from various 
habitats (Table 5) (4, 45, 87). In contrast to other 
previously identified and isolated homoacetogenic 
bacteria (e.g. Acetobacterium woodii), which transfer 
the methyl groups of these methoxylated aromatic 
compounds to CO to produce acetate (2, 88), these 
organisms can also use sulfide and MT as the methyl 
group acceptors resulting in the formation of MT and 
DMS, respectively (Fig. 4, Table 5) (77, 78). This 
type of anaerobic methylation of sulfide during 
degradation of methoxylated aromatic compounds 
appears to be distributed among different genera, e.g. 
Holophaga, Sporobacterium and Termitobacter. The 
hydroxylated aromatic residue obtained after 
demethylation is degraded via the phloroglucinol 
pathway resulting in the formation of acetate or a  
combination of acetate and butyrate (Fig. 4) (78). Due 
to the fact that methoxylated aromatic compounds are 
degradation products of lignin, a highly abundant 
biopolymer on earth (Fig 5), this mechanism for 
VOSC production is likely to be important in 
freshwater systems that are generally more organic-
rich than marine and estuarine systems. Since the 
degradation of lignin into the methoxylated 
degradation products is known to be an aerobic 
process (150), these compounds are likely to occur in 
the anaerobic/aerobic interface. 
Microbial degradation of VOSC 
The fact that there is a continuous production of 
VOSC in the biosphere as mentioned above and the 
fact that VOSC concentrations in the atmosphere are 
relatively constant indicate that considerable sinks for 
VOSC must exist. So far several mechanisms have 
been found to result in a consumption of VOSC in the 
biosphere. Besides processes like ventilation to the 
atmosphere, chemical oxidation and the adhesion to 
particles followed by sedimentation or transport to the 
deep sea, VOSC were found to be converted through 
microbial degradation (68, 158, 159). Comparison of 
the residence times of the different processes (29, 68, 
113) demonstrated that rates of microbial degradation 
are high compared to that of the other processes. 
Considering these high rates, microbial degradation 
will have a dramatic impact on the different fluxes 
within the sulfur cycle. Microbial degradation has 
been demonstrated to occur under both aerobic as 
well as anaerobic conditions. Aerobic degradation of 
MT and DMS is carried out by a variety of 
microorganisms that have been isolated from sewage 
treatment plants, marine sediments, soil and biofilters. 
Silvea and Sundman (114) were the first to describe a 
microorganism isolated from a biofilter of a paper 
mill that degrades DMS. Since then a large variety of 
MT and DMS (and DMSO) degrading bacteria 
belonging to the genus Thiobacillus, Methylophaga 
and Hyphomicrobium have been isolated (15, 16, 21, 
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FIG. 6. Mechanism for degradation of DMDS, DMSO, DMS, MT and H2S by Hyphomicrobium S (21). Symbols: ❶,
DMSO reductase; ❷, DMS monooxygenase; ❸, MT oxidase; ❹, sulfide oxidizig enzymes; ❺, formaldehyde
dehydrogenase; ❻, formate dehydrogenase. Question marks indicate reactions that have not yet been elucidated. 
28, 102, 115, 122, 141, 152, 140). The mechanism for 
DMS degradation has been elucidated for several 
Hyphomicrobium and Thiobacillus strains (21). 
Hyphomicrobium strains also reduce DMSO to DMS 
by the action of a NADH-dependent reductase. DMS 
is oxidized by a monooxygenase resulting in the 
formation of MT and formaldehyde. MT is 
subsequently oxidized by the enzyme MT oxidase, 
which results in the formation of formaldehyde, 
hydrogenperoxide and sulfide (Fig. 6). The oxidation 
of sulfide results in the formation of sulfuric acid. Part 
of the formaldehyde produced is incorporated into the 
cell biomass through the serine pathway. 
Hyphomicrobia are therefore known as C1-compound 
metabolizing heterotrophs. In contrast to 
hyphomicrobia, thiobacilli are generally known to be 
chemolithoautotrophs. Cultivation experiment with 
these bacteria, however, revealed that they are also 
capable of oxidation of VOSC like DMDS, DMS and 
MT as is the case for H2S. Oxidation of DMS also 
resulted in the formation of sulfide and formaldehyde, 
which is further oxidized to sulfuric acid and carbon 
dioxide. Unlike Hyphomicrobium strains, however, 
Thiobacillus strains are autotrophic, using the Calvin 
cycle to fix carbon dioxide as their carbon source. 
Visscher and Taylor (141) demonstrated that 
Thiobacillus strain ASN-1 uses an alternative route, in 
which DMS is not oxidized with molecular oxygen 
but rather demethylated resulting in the release of 
methyl groups, which are further oxidized to carbon 
dioxide. Due to this different pathway, strain ASN-1 
is also able to degrade DMS anaerobically using 
nitrate as electron acceptor. From a tidal sediment, an 
obligate methylotroph, Methylophaga sulfidovorans, 
was isolated which converted DMS to carbon dioxide 
and thiosulfate (28). This heterotrophic bacterium, 
which uses the ribulose monophosphate route for 
carbon assimilation, can also use sulfide as additional 
energy source. 
Furthermore a large variety of bacteria, including 
Pseudomonas acidovorans, is capable of oxidizing 
DMS to DMSO, provided that an additional carbon 
source is present (153). The oxidation is carried out 
by monooxygenases that are widespread among 
animals, plants, fungi and bacteria (1, 53). Further 
oxidation of DMSO to dimethyldisulfoxide (DMSO2) 
that is mediated by haloperoxidases has been found in 
several marine microorganisms (93). 
Anaerobic degradation of DMS and MT has been 
mainly attributed to the activity of methanogenic 
Archaea, sulfate-reducing bacteria, anoxygenic 
phototrophs and denitrifying bacteria (39, 66, 71, 125, 
141, 158, 159). Anoxygenic phototrophic sulfur 
bacteria, which normally use sulfide as electron 
donor, have also been demonstrated to be able to 
oxidize DMS to DMSO, using DMS as electron donor 
(139, 151). This mechanism of DMS degradation has 
been found to be very important in microbial mats of 
intertidal sediments were light is abundant during low 
tide. 
Methanogenic conversion of MT and DMS was first 
illustrated in slurries prepared from Lake Mendota 
sediment in which 14C-DMS was converted to 14C-
methane and 14C-carbon dioxide with a stoichiometry 
of 3 to 1 (158 en 159). Upon addition of 14C-DMS 
plus CHCl3, an inhibitor of C1-metabolism, 
production of 14C-methane was inhibited whereas 14C-
carbon dioxide formation was not. From inhibitor 
studies with marine and estuarine sediments Kiene et 
al. (71) concluded that methanogenic and sulfate-
reducing bacteria competed for DMS at 
concentrations lower than 10 µM, while methanogens 
dominated DMS degradation at higher concentrations. 
A pure culture of a methanogen capable of growth on 
DMS was isolated (71). DMS is reduced to form 
methane and MT, and the latter is subsequently 
disproportionated resulting in the formation of 
methane, carbon dioxide and H2S (Tables 4 and 6). 
The excess of reduction equivalents that is released 
HCHO                  HCOOH CO2
DMSO                    DMS
NADH  NAD+ NADH  NAD+
MT                   H2S                            H2SO4
O2 H2O2
H2O    HCHO
NAD+ NADH                   NAD+ NADH
O2 H2OH2O
+ H+ + H+
+ H+ + H+
H2O
❷
❸ ❹
❺ ❻
Assimilation in cell material via 
the serine pathway
❶
DMDS ??
 15 
TABLE 6.  Conversion of methanogenic substrates. 
 
during this disproportionation of MT is used for the 
initial reduction of DMS. In this way, 2 moles of 
DMS are stoichiometrically converted to 3 moles of 
methane and 1 mole of carbon dioxide. Since then 
several methanogens have been isolated from marine, 
estuarine and salt lake habitats. Initially, it was 
suggested that MT could only be co-metabolized by 
these methanogens in the presence of DMS. However, 
in 1992 a methanogen capable of growth on MT alone 
was isolated (39). This methanogen also 
disproportionates MT, similar as has been 
demonstrated for methanol, forming 3 moles of 
methane and 1 mol of carbon dioxide out of 4 moles 
of MT (Table 6). Later on, Ni and Boone (95) 
demonstrated, however, that many of the other DMS-
degrading methanogens could also grow on MT as 
sole carbon and energy source. Remarkably, no 
DMS/MT-degrading methanogens have yet been 
isolated from freshwater habitats, neither have other 
freshwater isolates deposited in culture collections 
been found to be capable of DMS degradation (104, 
158, 159). 
Methylated sulfur compounds have also been found to 
serve as sulfur source in several methanogenic 
Archaea incapable of methane formation from these 
compounds (104). In spite of the numerous evidence 
of the possible role of sulfate-reducing bacteria in the 
degradation of DMS and MT, only one pure culture of 
a sulfate-reducing bacterium growing on DMS has 
been isolated from a thermophilic digestor (125). The 
strain, which belongs to the genus Desulfotomaculum, 
oxidizes DMS to carbon dioxide forming 2.5 moles of 
sulfide per mole of DMS (Table 4).  
Microbial conversions of VOSC in situ 
The relative importance in the cycling of VOSC by 
the microbial mechanisms mentioned above depends 
on the type of ecosystem. As already mentioned, 
DMSP is the most important precursor for MT and 
DMS in marine and estuarine systems since this 
compound is very abundant in various marine 
organisms in which it serves as osmolyte. Because of 
the complex community structures in these 
ecosystems, like the microbial mats of intertidal 
sediments, DMSP and other organic sulfur 
compounds are continuously interconverted. In this 
way highly active mini-sulfur and carbon cycles are 
realized which are strongly influenced by the 
environmental parameters like light intensity, 
temperature, pH and the tidal movement of water. 
Different from many of these saline habitats, 
freshwater systems are less dynamic, organic-rich and 
poor in DMSP. In freshwater systems therefore, 
DMSP is unlikely to be an important compound in the 
microbial cycling of VOSC. This is confirmed by the 
observations of Challenger et al. (13) and Bechard 
and Rayburn (6), who did not detect significant levels 
of DMSP in freshwater algae. Decaying algal biomass 
both in situ as in axenic cultures did release 
significant amounts of MT, DMS and DMDS (6). The 
VOSC, however, are likely to originate from the 
degradation of S-containing compounds (e.g. amino 
acids) rather than DMSP. In oligotrophic freshwater 
ecosystems sulfide was found to be primarily 
converted to metal sulfides especially FeS and FeS2, 
whereas in eutrophic freshwater ecosystems sulfide 
was incorporated into the organic matter chemically 
and biologically (e.g. by sulfate-reducers) (108). Due 
to the higher organic matter content of many 
freshwater systems, mechanisms generating VOSC 
from this organic matter like the methylation of 
sulfide or the production of VOSC from sulfur-
containing amino acids are likely to be more 
important. When studying the literature on the 
microbial cycling of VOSC it soon became clear that 
only little is known about these processes in 
freshwater systems (23, 24, 51, 52, 105, 106). Most of 
the data on cycling of sulfur compounds in freshwater 
systems, however, is related to sulfide and sulfate. 
Moreover, only a limited number of microorganisms 
that produce or degrade VOSC have been isolated 
from these systems. Nevertheless, a number of 
     Reaction equations                                                                                   ∆G0’ (KJ / mol CH4) 
 
CO2 + 4H2     →  CH4 + 2H2O     -130.4 
4HCOOH    → CH4 + 3CO2 + 2 H2O   -119.5 
4CO + 2H2O   → CH4 + 3CO2     -185.5 
CH3COOH   → CH4 + CO2       -36.0 
4CH3OH   → 3CH4 + CO2 + 2H2O    -106.0 
CH3OH + H2   → CH4 + H2O  `   -112.5 
4CH3NH2 + 2H2O  → 3CH4 + CO2 + 4NH3      -76.7 
2(CH3)2NH + 2H2O  → 3CH4 + CO2 + 2NH3      -74.8 
4(CH3)3N + 6H2O  → 9CH4 + 3CO2 + 4NH3     -75.8 
4CH3SH + 2H2O  → 3CH4 + CO2 + 4H2S      -51.0 
2(CH3)2S + 2H2O       → 3CH4 + CO2 + 2H2S      -52.2 
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publications exist that report on the presence of 
VOSC in various freshwater systems. Richards et al. 
(105) reported that no correlation exists between 
sulfate or chlorophyll concentration and the 
concentration of VOSC in various freshwater lakes in 
Canada. At higher sulfate concentrations (> 20 g/l) 
such a correlation was found. Depth VOSC profiles 
showed that in most of these systems, VOSC 
concentrations were highest in or just above the 
sediment. It was therefore concluded that the 
sediment was the major VOSC-producing 
compartment. Moreover, whereas DMS and COS 
were the dominant VOSC in the epilimnion, MT and 
H2S were the dominant V(O)SC below the 
epilimnion. The ventilation of VOSC from these 
systems to the atmosphere was found to be 
dramatically affected by the height of the water 
column on top of the sediment (51, 52, 105, 106).  
Since methanogens, sulfate reducing bacteria, 
denitrifying bacteria and acetogens have been 
considered to be potential VOSC degrading and 
producing organism in the anaerobic sediments of 
freshwater ecosystems (158, 159) these groups of 
organisms and their metabolic properties will be 
discussed in more detail. 
Methanogens and methanogenesis 
Methanogens are strict anaerobes sharing the 
common feature of producing methane as catabolic 
end product. Phylogenetically, methanogens belong to 
the Archaea and are characterized by some specific 
properties. Their membranes contain lipids composed 
of repeated units of isoprene ether-linked to glycerol 
instead of fatty acids connected to glycerol by ester 
bonds as is the case by Bacteria (26). Certain Archaea 
possess a cell wall very similar peptidoglycan. In the 
backbone of this “pseudopeptidoglycan” N-
acetylmuramic acid is replaced by N-
acetyltalosaminuronic acid and the glycosidic bonds 
are β1,3 instead of β1,4 (60, 61). Cell walls of other 
Archaea lack this pseudopeptidoglycan and consist of 
polysacharides, glycoproteins or proteins. Finally, 
Archaea resemble Eukarya more than Bacteria with 
respect to their molecular biology since both Archaea 
and Eukarya contain 70S ribosomes that are sensitive 
to anisomycin but insensitive to kanamycin and 
chloramphenicol, and both domains have DNA-
dependent RNA-polymerases that are unaffected by 
rifampicin and streptolydigin (155, 156). The Archaea 
comprise several methanogenic lineages, 
Methanobacteriales, Methanomicrobiales, Methano-
coccales, Methanopyrales and Methanosarcinales (8, 
145). Methanogens exhibit an extreme habitat 
diversity. Species have been isolated from a large 
variety of anaerobic (micro)habitats with a supply of 
organic compounds or the presence of H2 and carbon 
dioxide, including sediments of marine, estuarine, 
freshwater and (salt)lake origin, digestive and 
intestinal tracts of animals and insects, anaerobic 
waste reactors, geothermal springs and hydrothermal 
vents (160). Methanogens occur in a large variety of 
morphotypes including cocci, sarcinas, rods, 
filaments, spirilla and angular plates (118). 
Methanogens are generally very specialized in their 
FIG. 7. Mechanism for methanogenic degradation of methylated compounds based on that of methanol degradation
by Methanosarcina barkeri (17). H4SPT = 5,6,7,8-tetrahydrosarcinapterin; HS-CoM = coenzyme M; HS-HTP = 7-
mercaptoheptanoylthreonine phosphate; MT1 = methanol:5-hydroxybenzimidazolylcobamide methyltransferase;
MT2 = Co-methyl-5-hydroxybenzimidazolylcobamide:coenzyme M methyltransferase. Question mark indicates a
reaction that has not yet been elucidated. 
 17 
metabolic substrates able to use only one or two 
compounds of the already small substrate spectrum of 
this group (8, 160) (Table 6). An exception are 
methanogens belonging to the genus Methanosarcina, 
which can metabolize the majority of the 
methanogenic substrates including the methylated 
sulfur compounds. Since many of these compounds 
are in fact products formed during the degradation of 
larger (macro)molecules, methanogens rely on the 
catabolic activity of other (micro)organisms in their 
environment for the continuous supply of their 
substrates. During the last ten years several 
methanogens have been isolated that are able to 
convert and grow on MT and DMS (Table 7). 
Interestingly, DMS or MT degrading methanogens 
have only been isolated from saline (marine, estuarine 
and salt lake) habitats. 
Although not studied, methanogenesis from DMS 
and MT is likely to occur in a similar way to that of 
structural analogs like methanol since both 
compounds are disproportionated to in methane and 
carbon dioxide. In the case of methanol, the methyl 
group is transferred onto 2-mercaptoethanesulfonic 
acid (HS-CoM) to result in methylated coenzyme M 
(CH3-S-CoM) by the action of two methyltransferases 
(Fig. 7) (112, 135). The first methyltransferase, 
methanol:B12-HBI methyltransferase (MT1) contains a 
corrinoid that is methylated by methanol only when it 
is present in its fully reduced Co(I) state. Activation 
of Co(II) or Co(III) MT1 occurs by the combined 
action of ATP and a reducing system consisting of H2, 
hydrogenase and ferrodoxin (136, 137). Next, the 
methyl group is transferred to HS-CoM by the action 
of Co-methyl-5-hydroxybenzimidazolyl-cobamide: 
HS-CoM methyltransferase (MT2) (135). Whereas 
MT1 is sensitive to oxygen, MT2 is not. During 
growth on different substrates MT1 and MT2-
methyltransferases with different substrate 
specificities are produced (17, 44, 144, 149). In the 
final step of methanogenesis CH3-S-CoM is reduced 
by 7-mercaptoheptanoylthreonine phosphate (HS-
HTP) to methane and the heterodisulfide of HS-CoM 
and HS-HTP (CoM-S-S-HTP) through the action of 
the enzyme methylcoenzyme M reductase (MCR), 
which is extensively studied in Methanobacterium 
thermoautotrophicum and is present in all known 
methanogenic Archaea (128). The heterodisulfide is 
then reduced at the expense of H2 by the membrane-
bound enzyme heterodisulfide reductase to recover 
HS-CoM and HS-HTP (Fig. 7) (49). It is in this 
reduction step that energy is conserved by the 
translocation of protons over the cell membrane (91). 
Reducing equivalents for the reduction of the methyl 
group are obtained from the oxidation of methanol to 
carbon dioxide. For this oxidation the methyl group is 
transferred to tetrahydrosarcinapterin (H4SPT) in the 
case of Methanosarcina species to result in CH3-
H4SPT. This CH3-H4SPT is then oxidized via a 
reverse of the carbon dioxide reduction route present 
in M. thermoautotrophicum (40, 42, 64). 
Compared to methanol, the biochemical pathway for 
the conversion of methylated sulfur compounds is 
poorly understood. Since cell extracts of 
methylotrophic methanogens grown on methanol or 
trimethylamine (TMA) have been found to be unable 
to convert DMS or MT it is most likely that these 
substrates are converted by distinct inducible enzymes 
(95). Recently, M. barkeri strain MS has been 
demonstrated to contain an enzyme complex 
consisting of α and β subunits that in fact fulfill the 
function of MT1 and MT2 in the degradation of 
methanol (79, 80, 123, 124). Like MT1, the β subunits 
accept the methyl group in this case, however, 
retrieved from the methylated substrates (DMS, MT 
and MMPA) by binding this to their B12-HBI 
prosthetic groups. The α subunits then transfer these 
methyl groups onto HS-CoM as is the case for MT2. 
In some cases methylated compounds like methanol 
can, although thermodynamically unfavorable, also be 
completely oxidized to carbon dioxide provided that 
hydrogenotrophic microorganisms like denitrifyers or 
sulfate/sulfite reducers are present. This process, in 
which these hydrogenotrophic microorganisms 
withdraw reducing equivalents in the form of H2 from 
the methanogens, is called interspecies hydrogen 
transfer. It has been demonstrated to occur in co-
cultures of methanol degrading M. barkeri and the 
autotrophic sulfate-reducing bacterium Desulvovibrio 
vulgaris (101). 
In complex systems like sediment slurries, 
selective inhibition of specific microbes can be very 
helpful in the elucidation of the metabolic flux of 
certain compounds. Bromoethanesulfonic acid (BES), 
a specific inhibitor of methanogens, is a structural 
analogue of HS-CoM. BES functions as a competitive 
inhibitor of enzyme MCR (5, 47). In addition, the 
other part of the methyltransferase system of the 
methanogenic pathway is not directly inhibited by 
BES. Since HS-CoM and MCR are present in all 
methanogens as an essential part of methanogenesis 
and only a few other microorganisms (some 
methylotrophs and Xanthobacter species) have been 
identified to contain it, BES can function as an 
relatively specific inhibitor. Moreover, BES inhibition 
is independent of the substrate for methanogensis 
because of the crucial role of the MCR enzyme 
complex in the methanogenic pathway. In general the 
inhibition will be instantly, however, in some cases 
lag phases as long as 48 h were needed to obtain 
complete inhibition (75). The required concentrations 
of BES to obtain complete inhibition of methanogenic 
bacteria differs strongly among samples and is 
generally higher for environmental samples like 
sediment slurries than in pure cultures of methano-
gens (97, Lomans unpublished results). 
Sulfate-reducers and dissimilative sulfate 
reduction 
Sulfate-reducers performing dissimilative sulfate 
reduction   are   obligate    anaerobic   microorganisms 
    
TABLE 7.  Comparison of the main characteristics of all other known DMS-degrading anaerobic microorganisms and some closely related 
(non-DMS degrading) methanogens. 
 
Name 
 
(Type) 
strain 
Origin Substrate  pH  T (°C)  NaCl (M)  Culture Collection no. 
16S rRNA 
sequence 
Reference 
     opt.          range  opt.          range  opt.          range  OCM, DSM accession no.a 
 
 
DMS degrading methanogens               
Ml. taylorii GS-16T Francisco Bay, Oregon, USA (E) Me, Ma, MeS  8 6-9  29-37 4-40  0.5 0.2-1.4  58, 9005 U20154 71, 96, 98 
Ml. bombayensis B-1T Arabian Sea, Bombay, India (M) Me, Ma, MeS  7.2 6.0-8.5  37 20-40  0.5 0.25-2.0  438 U20148 57 
Ml. oregonensis WAL1T  Alkali Lake, Oregon, USA (ASL) Me, Ma, MeS  8.1-9.1 7.6-9.4  35-37 20-40  <0.5 0.1-1.5  99,5435 U20152 82 
Ms. siciliae  T4/MT Sicily, Italy (M) Me, Ma, MeS  6.5-6.8 5.8-7.2  37-40 20-48  0.4-0.6 0.1-1.5  156, 3028 U20153 94, 120 
Ms. siciliae  HI350 T Oil well, Mexico (M) Me, Ma, MeS  6.5-6.8 5.8-7.2  40 20-48  0.4-0.6 0.1-1.5  210 - 94 
Ms. siciliae  C2J T Scripps Canyon, California, USA (M) Me, Ma, MeS, Ac  6.0-7.0 5.0-8.0  35 20-45  0.2-0.6 0-0.6d  653 U89773 36 
Ms. acidovorans  C2AT Scripps Canyon, California, USA (M) Me, Ma, MeS, Ac  6.5-7.0 5.5-8.0  35-40 15-45  0.1-0.4 <1.0  95, 2834 M59137 116 
Ms. semesiae  MD1T 
Mtoni Creek, Dar-es-Salaam, 
Tanzania (MF) 
Me, Ma, MeS  6.5-7.5 6.2-8.3  30-35 18-39  0.2-0.6 -d  -c AJ012742 85 
Msa. zhilinaeae  WeN5T Bosa Lake, Egypt (ASL) Me, Ma, MeS  9.2 8.2-10.3  45 N.R.  0.7 0.2-2.1  62, 4017 -b 9, 86 
Msa. zhilinaae Z-7936 T Lake Magadi, Kenya (SL) Me, Ma, MeS  8.7-9.2 7.8-10.2  37 20-48  0.4 0.2-2.2  9543 - 65 
Strain MTP4 MTP4 T Bordeaux, France (SM) Me, Ma, MeS, Ac  6.9-7.6 6.1-8.0  30 12-35  35-400 35-400  6636 - 39 
Mm. hollandica DMS1T Dekkerswald, The Netherlands (F) Me, Ma, MeS  6.5-7.0 6.0-8.0  34-37 12-40  0.04 0-0.4  -c AF120163 This study 
 
     Closely related (non-DMS degrading) methanogens 
              
Mcc. burtonii DSM 6242T Ace Lake, Antarctica (SL) Me, Ma  7.7 6.7-8.3  23.4 1.7-29.5  0.2 0.2-0.5  6242 X65537 41 
Mcc. methylutens TMA-10T Scripps Canyon, California, USA (M) Me, Ma  7.0-7.5 6.0-8.0  30-35 15-35  0.4 0.2-1.0  158, 2657 M59127 117 
Mhl. halophilus Z-7982T Shark Bay, Australia (MCM) Me, Ma  6.5-7.4 6.3-8.0  26-36 18-40  1.2-1.5 0.3-2.6  160, 3094 - 154 
Mhl. mahii SLPT Great Salt Lake, Utah, USA (SL) Me, Ma  7.5 6.5-8.5  35 < 45d  2.0 0.5-3.5  68, 5219 M59133 99, 100 
Ms. barkeri  MST Domestic sewage digestor, Illinois, USA (D) H2, Me, Ma, Ac  5-7 4-8  35-42 20-50  <0.2 <0.9  38, 800 AJ012094 12, 109 
Note: The nature of the different origin of inoculum is given by the following symbols: ASL = Alkaline salt-lake sediment; D = Anaerobic sewage digestor; E = Estuarine sediment; F = Freshwater sediment; M = 
Marine sediment; MCM = Marine cyanobacterial mat; MF = Mangrove forest sediment; SL = Salt-lake sediment; SM = Salt marsh sediment. The substrates for methanogenesis: Me = methanol; Ma = methylamines; 
MeS = methylated sulfur compounds namely MT and DMS; Ac = acetate. Abbreviations of taxa: Mcc. = Methanococcoides; Mhl. = Methanohalophilus; Ml. = Methanolobus; Mm. = Methanomethylovorans; Ms. = 
Methanosarcina; Msa. = Methanosalsus. The culture numbers given in bold figures represent those of the Oregon Collection of Methanogens (OCM, Beaverton, OR, USA) and those given in normal figures represent 
those of the Deutsche Sammlung von Mikroorganismen und Zell kulturen (DSMZ, Braunschweig, Germany). N.R. = not reported. 
a
 Accession number for the GenBank/EMBL Database except where mentioned otherwise.  
b
 Sequence retrieved from Ribosomal Database Project (RDP). This sequence does not have an accession no. The complete sequence is also given in reference (86). 
c
 Cultures are deposited at the DSM cultures collection, but culture collection no. was not known at the time of publication. 
d
 Well defined temperature, pH or NaCl-range is not reported. 
 19 
 (Bacteria and Archaea) that use sulfate or other 
oxidized sulfur compounds as terminal electron 
acceptor for the assimilation of organic compounds or 
H2 (43, 146, 147, 148). Sulfate-reducers are both 
phylogenetically as well as metabolically (substrate 
range) a very versatile group of microorganisms. 
Besides the typical substrates of sulfate-reducers like 
propionate, lactate, ethanol also methylated 
compounds like methanol and most likely also DMS 
and MT can be utilized by members of this versatile 
group (10, 92, 125). The activity of sulfate-reducers is 
most pronounced in environments where sulfate is 
abundant (marine and estuarine systems and waste 
treatment plants. From an anaerobic bioreactor, the 
only known sulfate-reducing bacterium capable of the 
oxidation of DMS was isolated (125). The role of 
sulfate-reducing bacteria in the degradation of VOSC, 
however, has been frequently suggested as a general 
mechanism in sulfate-rich marine and estuarine 
sediments (66).  
Since sulfate is a fairly stable molecule, sulfate 
has first to be activated at the expense of one ATP 
molecule per mol of sulfate yielding adenosine 
phosphosulfate (APS) in order to be fully reduced 
(Fig. 8). This activation is catalyzed by ATP 
sulfurylase. The pyrophosphate that is synthesized in 
this activation reaction, is rapidly cleaved by the 
action of a very active pyrophosphatase, pulling this 
reaction. In contrast to dissimilative sulfate reduction 
in which APS is first phosphorylated followed by 
reduction of the sulfate ion to sulfite, in assimilative 
sulfate reduction the sulfate ion in APS is directly 
reduced to yield sulfite. In the case of dissimilative 
sulfate reduction sulfite is reduced in various steps to 
H2S with electrons obtained from the oxidation of H2. 
This H2 can be directly obtained from the 
environment or generated from various electron 
donors like propionate and acetate. This H2 is 
oxidized by a membrane-bound complex of a 
hydrogenase and a c3-type cytochrome oriented in the 
periplasm, generating a proton motive force over the 
cell membrane. 
Two specific competitive inhibitors of sulfate-
reducing bacteria, molybdate and tungstate, are 
analogues of sulfate forming an unstable analogue of 
APS (APMo and APTu, respectively). Since the 
analogues break down in AMP and molybdate or 
tungstate, the next sequential enzymatic step, 
catalyzed by APS reductase, can not occur. Because 
sulfate-reducing bacteria must first spent energy (in 
the form of ATP), which can not be recovered by the 
reduction of sulfite to sulfide due to the continuous 
formation and decomposition of these APS analogues, 
their ATP pool becomes seriously depleted which 
eventually causes death. In systems were sulfite is the 
main electron acceptor for the sulfate-reducers, 
inhibition with molybdate or tungstate is not effective 
since sulfite does not need to be activated and 
therefore APS (analogues) are not formed. Since 
molybdate and tungstate are competitive inhibitors of 
sulfate reduction, they should be added in equal or 
higher amounts than the ambient sulfate 
concentrations. This poses no problems for freshwater 
systems in which sulfate concentrations are generally 
below 2 mM, however, in marine, estuarine and salt 
lake systems molybdate concentrations of 20 mM or 
higher are needed. High concentrations (20 mM) of 
molybdate were found to be inhibitory for 
methanogenesis in freshwater sediments (56). 
Elements like molybdate and tungstate are also known 
as important co-factors for a numbers of enzymes and 
might therefore influence the activity of many 
microorganisms other than sulfate-reducing bacteria 
as well. In addition, since molybdate forms complexes 
with sulfides it can lower effectively the free sulfide 
concentrations and thereby affecting the redox 
potential as well as the activity of microbes that 
require sulfide as a sulfur source. Finally, it should be 
beared in mind that addition of inhibitors like BES, 
molybdate and tungstate can and probably will affect 
the activity of other microbes as well due to the 
accumulation of certain compounds in the systems 
(e.g. sediment slurry) as a consequence of the 
inhibition of the “target microorganisms”. 
SO42- APS                       PAPS
SO32- SO32-
H2S                        H2S
Excretion           Organic
S-compounds
(cell biomass)
ATP PPi ATP ADP
NADPH
+ 2e-
NADP+
6e-
AMP PAP
❶ ❷
2e-H2
2H+
6e-3H2
6H+
FIG. 8. General mechanism of assimilative (dashed
arrows) and dissimilative sulfate reduction (solid
arrows). Symbols: ❶, ATP-sulfurylase; ❷, ATP-kinase;
APS, adenosine-5’-phosphosulfate; PAPS, phospho-
adenosine-5’-phosphosulfate; PAP, phosphoadenosine-
5’-phosphate. 
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Denitrifyers and denitrification 
Nitrate and nitrite reducers or denitrifyers are a mixed 
group of phylogenetically and metabolically diverse 
microorganisms including Bateria, Archaea and 
Eukarya that are able of reducing nitrate or nitrite to 
NO, N2O and N2 (107, 138, 161). Complete 
dissimilatory denitrification proceeds through a linear 
pathway of four reductive steps and is mediated by 
four enzymes (Fig. 9). Nitrate is first reduced to nitrite 
by a membrane-bound nitrate reductase. Nitrite is 
then reduced via nitric oxide and nitrous oxide to N2 
by the enzymes nitrite reductase, nitric oxide 
reductase and nitrous oxide reductase. Often, a 
particular organism does not express all these 
enzymes or does not even have all the genes (161). 
Complete denitrification in situ, however, may still 
take place via the combined action of several different 
microorganisms. The intermediates (particularly 
nitrous oxide and nitrite) may also accumulate and 
consequently be lost from the habitat (110). A large 
variety of compounds including sugars, amino acids, 
alcohols and organic acids can be utilized as electron 
donor and carbon source. Methanol has been found to 
be a very suitable substrate for denitrification and 
because of its low cost it is often used in 
environmental technology to enhance denitrification 
(107). Although denitrification can also occur under 
aerobic conditions, it is most efficient under anaerobic 
conditions and is therefore a competitive microbial 
activity with methanogenesis, sulfate reduction and 
acetogenesis provided that nitrate or nitrite is present. 
A large variety of microorganisms from the genera 
Thiobacillus, Pseudomonas, Paracoccus, Nitroso-
monas and Nitrobacter is capable of utilizing 
inorganic electron donating compounds like sulfide, 
H2, ammonia and nitrite during denitrification (161). 
The possible role of denitrifyers in the degradation of 
DMS and MT was demonstrated by Visscher and 
Taylor (141) by addition of DMS and nitrate to 
marine sediments. A DMS-degrading denitrifyer, 
Thiobacillus strain ASN-1 was isolated from a marine 
sediment. This organism oxidizes DMS with nitrate as 
electron acceptor (see above). 
Acetogens and acetogenesis 
Acetogens are obligate anaerobes that synthesize 
acetyl-CoA for both energy conservation and growth, 
producing acetate as their main end product (33). The 
large spectrum of substrates include sugars, amino 
acids, H2-CO2, CO, simple methylated compounds 
like TMA and methanol but also complex methylated 
compounds like methoxylated aromatic compounds 
(32). In general only the meth(ox)yl group of these 
methoxlylated aromatic compounds is metabolized 
whereas the aromatic residue remains intact (2, 83). 
Acetogens play a key role in the (anaerobic) 
mineralization of organic matter in nature because 
they degrade larger compounds producing substrates 
(butyrate, acetate, H2/CO2, etc.) for other trophic 
groups of microorganisms (e.g. methanogens and 
sulfate-reducers). In acetogenesis, CO2 is reduced to 
formate, which is bound to tetrahydrofolate. The 
formyl group is then reduced via methenyl and 
methylene-tetrahydrofolate to methyltetrahydrofolate 
(Fig. 10). The methyl group is then transferred to the 
cobamide of the Co/iron-sulfur methyltransferase (50, 
103). The key enzyme of the acetogenic pathway, 
carbon monoxide dehydrogenase (CODH) then 
synthesizes acetyl-CoA from this methyl group, a 
carbonyl group and HS-CoA. This CODH mediated 
reaction is in fact the reversed version of the cleavage 
of acetyl-CoA during methanogensis. 
In the case of growth on methanol or other 
methylated compounds (e.g. methoxylated aromatic 
compounds), the methyl group from the substrate is 
directly transferred onto tetrahydrofolate to result in 
methyl-tetrahydrofolate by the action of a corrinoid-
containing enzyme. In Sporomusa ovata the methyl 
Ammonia                           Nitrous oxide
(NH3) (N2O)
Hydroxylamine                       Nitric oxide
(NH2OH) (N2O)
Organic N                              Nitrogen
(R-NH2)                                (N2)
Nitrite
(NO2-)
Nitrate
(NO3-)
❶ ❷
❸ ❹
❺
❻
Fig. 9. General mechanism of assimilative (dashed
arrows) and dissimilative (solid arrows) denitrification.
Symbols: ❶, assimilative nitrate reductase; ❷,
dissimilative nitrate reductase; ❸, assimilative nitrite
reductase; ❹, dissimilative nitrite reductase; ❺, nitric
oxide reductase; ❻, nitrous oxide reductase. 
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Fig. 10. Metabolic pathway of acetogens (50).
Acetyl CoA/CO dehydrogenase pathway for growth
of C1-compounds. THF, tetrahydrofolate; R1,
ethanol or aromatic compounds; R2, ethanol or
acetate residue; E[Co], corrinoid enzymes;
E[X_Y_Z], CO dehydrogenase (acetyl CoA
synthase with 3 sites for binding of CO/CO2, a CH3-
group and HSCoA; (1), methyltransferase; (2),
methylene-H4folate reductase; (3), methylene-
H4folate dehydrogenase; (4), methylene-H4folate
cyclohydrolase; (5), formyl-H4folate synthetase; (6)
formate dehydrogenase, (7a-e), CO dehydrogenase
(acetyl CoA synthase); (8), phosphotransacetylase
and acetate kinase; (9), Enzymes of anabolic
reactions; (10), Enzymes of butyrate synthesis from
acetyl CoA; (11), methanol dehydrogenase; (12,13
and 14), methyl transferases. Numbers between
brackets are values of standard redox potentials. 
transfer during growth on methanol and methoxylated 
aromatic compounds is catalyzed by distinct 
methyltransferases that both require reductive 
activation with the expense of ATP and Ti(III)citrate 
(121).  
 
Several acetogenic bacteria (Holophaga foetida, 
Sporobacterium olearium, Termitobacter aceticus) 
have been shown to play a role in the formation of 
VOSC from methoxylated aromatic compounds using 
sulfide as methyl group acceptor (4, 45, 87). Most of 
these isolates can alternatively also synthesize acetate 
from the methoxy groups of these compounds. In 
these bacteria the aromatic residue is degraded via the 
phloroglucinol pathway (Fig. 4) resulting in the 
formation of 3 moles of acetate per mol of aromatic 
residue (78). 
OUTLINE OF THIS THESIS 
The aim of this study was to get a better insight in the 
cycling of V(O)SC in freshwater systems, with 
special emphasis on the conversions in the anaerobic 
sediment of these systems. For this purpose several 
freshwater sediment and water column samples were 
collected and analyzed. In order to elucidate the 
VOSC-cycling in freshwater systems, several 
subtopics were defined:  
• Identification of the dominant VOSC in 
freshwater systems. 
• Evaluation of primary production compartments 
(water column and sediment). 
• Elucidation of the main mechanisms for VOSC 
production and degradation in freshwater 
systems. 
• Identification of dominant microorganisms 
involved in the anaerobic cycling of VOSC. 
• Inventarization of factors that influence VOSC 
formation and degradation and thereby affect the 
eventual flux of VOSC from these systems to the 
atmosphere. 
Chapter 2 describes the results of VOSC 
concentration depth profiles measured in ditches of a 
minerotrophic peatland in The Netherlands. 
Correlation between the concentrations of the various 
components are discussed. By statistical analysis of 
endogenous MT and methane production rates and 
concentration of various elements determined from 
sediment slurries collected from various freshwater 
systems in The Netherlands, the main mechanism of 
MT/DMS formation could be elucidated. 
In Chapter 3 potentials of aerobic and anaerobic 
degradation of DMS and MT determined both under 
optimal as well as representative conditions, are 
compared. Anaerobic degradation, primarily as 
methanogenesis, could be identified as the main 
mechanism for DMS/MT consumption. 
Chapter 4 discusses the potential role of 
microbial groups involved in the degradation of MT 
and DMS. Especially, the role of sulfate-reducing 
bacteria in a direct degradation of MT/DMS or a 
syntrophic degradation with methanogens 
(interspecies hydrogen transfer) is evaluated. Results 
show that high sulfate concentrations in freshwater 
systems lead to a lowered methanogenesis from MT 
and DMS, while MT and DMS are still degraded. 
In Chapter 5 the isolation of the first known 
methanogen growing on DMS from a freshwater 
habitat is described. The isolate is characterized and 
designated as a representant of a novel genus, 
Methanomethylovorans hollandica. Physiological 
properties of M. hollandica are discussed in relation 
with the results obtained from previously performed 
slurry incubation experiments. 
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Chapter 6 reports on the isolation of a bacterium 
that produces MT and DMS during the degradation of 
methoxylated aromatic compounds like syringate and 
3,4,5-trimethoxybenzoate. The isolate is characterized 
and designated as a representant of a novel genus, 
Parasporobacterium paucivorans. Differences with 
other strains (Holophaga foetida, Sporobacterium 
olearium, Termitobacter aceticus), which also form 
MT and DMS from syringate, are discussed. Possible 
impact of the various strains on the VOSC formation 
in situ is evaluated. 
In Chapter 7 the mechanisms for VOSC formation 
and degradation identified in the previous chapters are 
verified by a survey of sediment samples collected 
from various locations in The Netherlands. Also, the 
presence of Methanomethylovorans-type Archaea and 
its importance in the degradation of MT/DMS is 
determined by MPN dilution series, ARDRA and 
sequence analysis. Furthermore numbers of 
microorganisms that produce MT and DMS from 
methoxylated aromatic compounds are estimated by 
MPN dilution series with syringate as substrate. 
In the last chapter a summary of the results 
described in the chapters 2 to 7 are given and the 
possible impact of the processes and microbes 
identified on the eventual fluxes of DMS and MT 
from freshwater systems to the atmosphere is 
discussed. 
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Degradation of dimethyl sulfide and methanethiol in slurries prepared from sediments of minerotrophic peat-
land ditches were studied under various conditions. Maximal aerobic dimethyl sulfide-degrading capacities
(4.95 nmol per ml of sediment slurry z h21), measured in bottles shaken under an air atmosphere, were 10-fold
higher than the maximal anaerobic degrading capacities determined from bottles shaken under N2 or H2
atmosphere (0.37 and 0.32 nmol per ml of sediment slurry z h21, respectively). Incubations under experimental
conditions which mimic the in situ conditions (i.e., not shaken and with an air headspace), however, revealed
that aerobic degradation of dimethyl sulfide and methanethiol in freshwater sediments is low due to oxygen
limitation. Inhibition studies with bromoethanesulfonic acid and sodium tungstate demonstrated that the
degradation of dimethyl sulfide and methanethiol in these incubations originated mainly from methanogenic
activity. Prolonged incubation under a H2 atmosphere resulted in lower dimethyl sulfide degradation rates.
Kinetic analysis of the data resulted in apparent Km values (6 to 8 mM) for aerobic dimethyl sulfide degra-
dation which are comparable to those reported for Thiobacillus spp., Hyphomicrobium spp., and other methylo-
trophs. Apparent Km values determined for anaerobic degradation of dimethyl sulfide (3 to 8 mM) were of the
same order of magnitude. The low apparent Km values obtained explain the low dimethyl sulfide and methane-
thiol concentrations in freshwater sediments that we reported previously. Our observations point to metha-
nogenesis as the major mechanism of dimethyl sulfide and methanethiol consumption in freshwater sediments.
In anoxic freshwater sediments dimethyl sulfide (DMS) and
methanethiol (MT) are generally considered to be the domi-
nant volatile organic sulfur compounds (6, 7, 12, 15, 20, 21).
Fluxes of DMS and MT from freshwater systems towards the
atmosphere depend on the steady-state concentrations of the
compounds in these compartments, which are the result of the
balance between their formation and degradation. In contrast
with marine and estuarine systems, DMS and MT formation in
freshwater sediments originates mainly from the methylation
of sulfide or from degradation of sulfur-containing amino acids
(4, 5, 10, 12, 15, 22). The formation of MT and DMS appeared
to be localized mainly in the sediment and depended on the
sulfide concentration in the sediment and the rate of produc-
tion of precursors.
The catabolism of DMS and MT has been ascribed to a va-
riety of bacteria, including sulfur-oxidizing aerobes (chemo-
lithotrophs and methylotrophs) (3, 18, 25, 29) and several types
of anaerobes (anoxygenic phototrophs, sulfate-reducing bacte-
ria, and methanogens) (13–17, 26, 32, 34, 35). Aerobic bacteria
able to oxidize DMS and MT to sulfate (Thiobacillus spp. and
Hyphomicrobium spp.) are the only organisms that have been
isolated from freshwater systems (1, 9, 18, 23, 25). In addition,
Zhang et al. (33) described a Pseudomonas strain capable of
oxidizing DMS to dimethyl sulfoxide. Although methanogens
were shown in 1978 to be at least partially responsible for the
anaerobic degradation of methylated sulfur compounds in
freshwater sediments (34, 35), no pure cultures of DMS- or
MT-degrading methanogens have been obtained from these
systems. Freshwater systems apparently have both aerobic and
anaerobic DMS and MT conversion capacities. Aerobic deg-
radation of MT and DMS is known to be energetically more
favorable than anaerobic conversion. Anaerobic bacteria, how-
ever, do not depend on oxygen, which may be limiting in fresh-
water sediments rich in organic matter. The present study
describes for the first time the potentials of both aerobic and
anaerobic degradation of DMS and MT in freshwater sedi-
ment slurries. These results suggest that methanogenesis is the
major mechanism for the degradation of these compounds in
freshwater sediments in situ. In addition, the kinetic param-
eters of aerobic and anaerobic DMS (and MT) degradation
were determined, and the results are discussed in relation to
the in situ MT and DMS concentrations.
MATERIALS AND METHODS
Site description and sampling. Sediment samples were taken from ditches of
a minerotrophic peatland in De Bruuk, The Netherlands. “Minerotrophic” refers
to systems which receive their major input of minerals from seepage or ground-
water rather than from deposition by rainwater. This site has been described
previously by Smolders et al. (24). Samples were taken by suction in anoxic
bottles as described by Lomans et al. (15). The specific characteristics of the
sediment of this site are as follows: pH, 6.6 to 7.0; organic matter content, 16 to
24% (dry weight) of sediment (of which 1 to 1.3% is N, 15 to 17% is C, and 0.7
to 0.9% is S); and redox potential, 2225 to 2325 mV. The characteristics of the
pore water of this site are as follows: sulfate concentration, 700 to 800 mM;
nitrate concentration, 0 to 5 mM; and alkalinity, 2 to 3 meq.
Slurry incubations. After settling for 1 h, the sediment samples were adjusted
to give a water/sediment ratio of 1:1 (vol/vol) by removing either sediment or
pore water in an anaerobic cabinet. The adjusted samples were stirred, and
aliquots (30 ml) of the homogeneous slurry were dispensed in 120-ml crimp top
serum bottles sealed with grey butyl rubber stoppers which did not emit or absorb
volatile organic sulfur compounds. The bottles were preincubated for 48 h at
30°C. Before the experiment was started, the headspaces of the bottles were
flushed with either air, N2, N2-CO2 (80:20 [vol/vol]), or H2. DMS was added from
stock solutions to a final concentration of 50 to 150 mM (duplicate incubations).
Additions of bromoethanesulfonic acid (BES) (10 mM) and sodium tungstate
(2 mM), inhibitors of methanogenic and sulfate-reducing bacteria, respectively,
were made from neutralized stock solutions. The sediment slurries were incu-
bated in the dark with (100 rpm) or without shaking at 30°C. Sterilized sediment
slurries (121°C; 20 min) served as abiotic controls. For experiments performed to
* Corresponding author. Mailing address: Department of Microbi-
ology and Evolutionary Biology, Faculty of Science, University of Nij-
megen, Toernooiveld 1, NL-6525 ED Nijmegen, The Netherlands.
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localize the DMS-degrading bacteria, sediment samples collected from a eutro-
phic lake (on the campus of Dekkerswald Institute, Nijmegen, The Netherlands)
were allowed to settle for 15 min. After phase separation, aliquots (25 ml) of
pore water were dispensed into 120-ml bottles. From the residual sample, a
homogeneous slurry was prepared with a pore water/sediment ratio of 1:1 (vol/
vol), which was dispensed as mentioned above. After the addition of DMS, the
bottles (duplicates) containing either pore water or sediment slurry were incu-
bated in the dark without shaking. The procedure of sampling and slurry distri-
bution described above is highly reproducible, since differences between the dry
weights, organic matter contents, methane formation rates, and MT and DMS
degradation rates of the duplicates were smaller than 3%.
Analytical procedures. Methane, MT, and DMS were analyzed on a Hewlett-
Packard model 5890 gas chromatograph equipped with a flame ionization de-
tector and a Porapak Q (80/100-mesh) column (8). Low concentrations of MT
and DMS were analyzed on a Packard 438A gas chromatograph equipped with
a flame photometric detector and a Carbopack B HT100 (40/60-mesh) column as
described before (2, 15). The oxygen concentrations in the headspaces of aero-
bically incubated bottles were monitored by gas chromatography (Hewlett-Pack-
ard 5890). The oxygen concentrations in the headspaces of these bottles were
maintained at 20% by the addition of pure oxygen.
Kinetic analysis. Kinetic analyses were performed by making single additions
of DMS to sediment slurries and following the change in the degradation rate of
DMS (and MT) in relation to its actual concentration. DMS and MT degradation
rates were calculated from various incubations. The values obtained were plotted
against the actual DMS concentrations (Michaelis-Menten curves) and convert-
ed to Lineweaver-Burke plots (regression analyses).
RESULTS
Sediment slurries were incubated under various conditions
to study the degradation of MT and DMS in freshwater sedi-
ments. Incubations of DMS-amended slurries under N2-CO2
and N2 revealed that the rates of initial DMS degradation were
similar (0.80 and 0.91 nmol per ml of sediment slurry z h21,
respectively). After prolonged incubation of the slurries, how-
ever, DMS degradation under N2-CO2 became significantly
lower than that under N2 (0.39 and 0.64 nmol per ml of sedi-
ment slurry z h21, respectively). Transient MT accumulation up
to 5 to 8 mM was found under both atmospheres (Fig. 1).
Under N2, methane formation, as well as DMS and MT deg-
radation, was slightly higher; therefore, a N2 atmosphere was
used in subsequent experiments. Measurements of the pHs of
the slurries did not show significant differences (pH 5 6.6 to
6.8). DMS did not disappear in sterilized controls, and no MT
or methane was formed (Fig. 1).
Aerobic versus anaerobic consumption of DMS. To eluci-
date the relevance and kinetics of both the aerobic and the
anaerobic degradations of MT and DMS in freshwater sedi-
ments, sediment slurries were incubated under air, N2, and H2
atmospheres. Oxic conditions (air atmosphere with shaking at
100 rpm) resulted in rates of degradation of DMS (4.95 nmol
of DMS per ml of sediment slurry z h21) which were more than
10-fold higher than those under anoxic conditions (0.37 and
0.32 nmol of DMS per ml of sediment slurry z h21 under N2
and H2 headspaces, respectively) (Fig. 2a and Table 1). Al-
though DMS consumption was initially the same under H2 and
N2 atmospheres, after prolonged incubation (.220 h) DMS
consumption under H2 was almost completely inhibited. In con-
trast, the DMS consumption rates of sediment slurries incu-
bated under N2 could easily be enhanced by four additions of
DMS (50 mM each) up to 3.35 nmol per ml of sediment slurry z
h21 (Fig. 3).
A striking difference between anaerobic and aerobic DMS
degradations was that no MT was detected in the slurries
incubated under air (with shaking) whereas in the slurries
incubated under H2 there was a transient accumulation of MT
(up to concentrations of 5.5 mM) upon addition of DMS (Fig.
FIG. 1. Time courses of DMS (n and h), MT ( and ), and methane (}
and {) of slurries prepared from the sediment of a ditch from a minerotrophic
peatland (De Bruuk, Nijmegen, The Netherlands) after the addition of DMS to
a final concentration of 40 mM. The slurries were incubated under N2 (solid
symbols) and N2-CO2 (open symbols). No degradation of DMS ( ) and no
accumulation of MT (3) or methane was found in heated slurries (121°C; 20
min) amended with DMS and incubated under N2 or N2-CO2. VOSC, volatile
organic sulfur compounds (DMS or MT).
FIG. 2. Time courses of DMS (a) and MT (b) of slurries prepared from the
sediment of a ditch from a minerotrophic peatland (De Bruuk, Nijmegen, The
Netherlands) after the addition of DMS to a final concentration of 50 mM. The
slurries were incubated under air (}), N2 (n), and H2 ().
TABLE 1. DMS degradation rates of slurries prepared from the
sediment of a ditch from a minerotrophic peatland (De Bruuk,
Nijmegen, The Netherlands) incubated under aerobic (air)
and anaerobic (N2 and H2) conditions, after
the addition of 50 mM of DMS
Exptl conditions DMS degrada-tion ratea
Air, not shaken........................................................................ 0.44
Air, shaken............................................................................... 4.59–4.95
N2, shaken................................................................................ 0.37
H2, shaken................................................................................ 0.32
a Degradation rates under anaerobic conditions were estimated from shaken
incubations. Aerobic DMS degradation rates were estimated from both shaken
(air; 100 rpm) and unshaken (air) incubations. The rates are given in nanomoles
of DMS per milliliter of sediment per hour.
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2b). After an incubation period of 40 h, net MT consumption
in the slurries under H2 decreased, which is reflected in an
enhanced accumulation of MT. A second addition of DMS to
these slurries caused an even stronger accumulation of MT
(data not shown). The transient accumulation of MT in slurries
incubated under N2 became especially significant after en-
hancement of the DMS degradation by pulsewise addition of
DMS (Fig. 3). This accumulation was clearly caused by DMS
degradation, since it was not observed in controls to which no
DMS was added (Fig. 3). Although the incubation times ex-
ceeded the doubling times of bacterial populations, the en-
hancement of DMS consumption is most likely caused by the
activation of bacterial populations. This is supported by initial
enrichment experiments, which revealed that growth on DMS
is very slow.
Effect of shaking on aerobic and anaerobic DMS degrada-
tion. The remarkably high capacity of aerobic DMS degrada-
tion was studied in relation to oxygen availability (Fig. 4).
Shaking of the aerobically incubated slurries was stopped (t 5
6 h) to demonstrate the differences between the aerobic deg-
radation capacity under optimal oxic conditions (continuous
shaking and an aerobic headspace) and the capacity under
conditions comparable to those in situ (an aerobic headspace
without shaking). At the moment shaking of the aerobically
incubated bottles was stopped, DMS degradation rates de-
creased from 4.59 to 0.44 nmol of DMS per ml of sediment
slurry z h21. The latter value is similar to the rates of anaerobic
degradation (Fig. 2a and Table 1). When shaking was started
again (t 5 26 h), the rate of DMS degradation was restored to
the original level. The degradation of DMS in unshaken, aer-
obically incubated sediment slurries decreased significantly if
the slurries were preincubated under air with shaking (data not
shown). Since the DMS degradation rate in aerobically incu-
bated sediment slurries was dramatically affected by shaking,
the impact of shaking on the anaerobically incubated sediment
slurries was also studied. Methane formation was not affected
by shaking the bottles; however, vigorous shaking of the un-
shaken incubated bottles before measurement appeared to be
essential in order to release the methane captured in the slurry.
Like those of methane, the degradation rates of MT and DMS
were not affected by shaking the bottles. Unlike for methane
measurement, however, shaking the slurries before measure-
ment did not seem to be essential. This is probably due to the
difference between the solubilities of methane and DMS or
MT. The solubility and the distribution coefficient of DMS are
355 mM and 15; for MT the values are 813 mM and 11,
respectively (reference 19 and our own data).
Inhibition experiments. The trophic groups that were respon-
sible for DMS degradation in sediment slurries incubated un-
der air without shaking were studied by the use of BES and
tungstate, specific inhibitors of methanogenesis and sulfate
reduction, respectively. BES addition effectively inhibited
methanogenesis. A direct effect of tungstate on sulfate reduc-
tion could not be demonstrated, since after preincubation the
sulfate became depleted. The DMS degradation rate of control
slurries incubated under air atmosphere without shaking was
similar to that of control slurries incubated anaerobically (Fig.
5). In slurries incubated under air headspace without shaking,
inhibition of methanogenesis or both methanogenesis and sulfate
reduction resulted in degradation rates which were only 36%
of the rates of the control slurries (Fig. 5).
Localization of degrading capacity. In order to elucidate
whether the DMS- and MT-degrading microorganisms are lo-
calized in the pore water or associated with the sediment par-
ticles, pore water and sediment slurry samples were incubated
separately in the presence of DMS. In bottles containing sed-
iment slurry, DMS disappeared completely within 100 h, where-
as in the bottles with pore water, DMS was not degraded at all
(Fig. 6a). Unlike the sediment slurry incubations, in which MT
concentrations remained low, pore water samples showed MT
FIG. 3. Degradation of added DMS by a slurry prepared from the sediment
of a ditch from a minerotrophic peatland (De Bruuk, Nijmegen, The Nether-
lands). Four sequential additions of DMS were made to a final concentration of
50 to 100 mM. Notice the increasing rate of DMS consumption (h) and MT
accumulation (). Control slurries without the addition of DMS (}) did not
show accumulation of MT.
FIG. 4. Effect of shaking on the degradation of DMS (50 mM) by slurries
prepared from the sediment of a ditch from a minerotrophic peatland (De
Bruuk, Nijmegen, The Netherlands). The slurries were incubated under an air
atmosphere. Oxygen concentration was maintained at 20% (vol/vol) by the ad-
dition of pure oxygen to the bottles. The first arrow indicates the moment (6 h)
at which shaking of the bottles (n) was stopped. At a later stage of the experi-
ment (26 h), indicated by the second arrow, shaking of the bottles was started
again. The control incubations (h) were shaken during the whole experiment.
FIG. 5. Degradation of DMS in slurries prepared from the sediment of a
ditch from a minerotrophic peatland (De Bruuk, Nijmegen, The Netherlands)
and amended with DMS. The slurries were incubated without shaking under N2
({), under air (n), under air and amended with BES (}), and under air and
amended with BES plus tungstate (h).
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accumulations to high levels (14 to 16 mM; accumulation rate,
225 pmol per ml of pore water z h21) (Fig. 6b). This MT was
formed from endogenous substrate (and not from DMS), since
it accumulated in incubations with and without the addition of
DMS.
Kinetics of anaerobic and aerobic DMS degradation. Ki-
netic parameters of the sediment slurries, such as apparent Km
and threshold values, were studied under oxic and anoxic
conditions to explain the low in situ steady-state DMS and
MT concentrations observed in a previous study (15). As was
shown above, DMS was degraded both aerobically and anaer-
obically to concentrations below its detection limit (0.06
nmol/ml of headspace, which corresponds to 0.85 mM for the
slurry). From all available data, estimations were made for
apparent Km values of the sediment slurry for anaerobic and
aerobic degradation (shaken conditions) of both MT and
DMS, using Michaelis-Menten curves and Lineweaver-Burke
plots. These analyses (correlation coefficients, .0.96) revealed
that the apparent Km value of the sediment slurry for aerobic
DMS degradation (Km 5 7 6 1 mM; n 5 2) was slightly higher
than the apparent Km value of the anaerobic DMS degradation
(Km 5 5.6 6 2.7 mM; n 5 7). The apparent Km value of the
slurry for anaerobic MT degradation was of the same order of
magnitude (2.2 mM [single measurement]).
DISCUSSION
The data presented in this study demonstrate that estimated
DMS degradation rates are highly dependent on incubation
conditions. The initial rate of DMS degradation was the same
for slurries incubated under N2 and N2-CO2. Prolonged incu-
bation under N2-CO2, however, showed an inhibition of DMS
degradation compared to that under N2. The differences be-
tween DMS consumption under N2 and N2-CO2 were not due
to pH shifts caused by the introduction of CO2, since pH mea-
surements of the slurries did not show significant differences.
As far as we know, similar differences caused by the atmo-
sphere applied have not been reported. Degradation of DMS
was similar under H2 and N2 atmospheres in short-term incu-
bations, although in incubations with H2, MT accumulated to
higher levels. After prolonged incubation under H2, however,
degradation of DMS and MT decreased dramatically. The rea-
son for the higher MT accumulation and the inhibition of DMS
degradation in long-term incubations under H2 remains un-
clear and is currently being investigated. Contrary to the
results of this study, Zinder and Brock (35) mentioned that
incubation of sediments under a H2 atmosphere greatly in-
creased the ratio of [14C]methane to [14C]carbon dioxide and
caused greater overall metabolism of [14C]MT.
Comparison of the capacity for both aerobic and anaerobic
DMS consumption in sediment slurries led to some very strik-
ing results. Surprisingly, slurries prepared from an anoxic sed-
iment showed high aerobic DMS consumption rates (4.59 to
4.95 nmol of DMS per ml of sediment slurry z h21, estimated
from shaken incubations under air). These values were 10-fold
higher than the anaerobic consumption rates (0.37 and 0.32
nmol of DMS per ml of sediment slurry z h21, estimated from
slurries incubated under N2 and H2 headspaces). DMS con-
sumption rates (0.44 nmol of DMS per ml of sediment slurry z
h21) estimated from slurries incubated under conditions com-
parable to those in situ (i.e., an aerobic headspace without
shaking), however, were of the same order of magnitude as the
anaerobic ones. The difference between the DMS degradation
rates determined from slurries incubated under optimal oxic
conditions (i.e., with shaking and an air headspace) and under
conditions comparable to those in situ (i.e., an air headspace
without shaking) is likely to be the result of oxygen limitation
in the sediment slurry of the unshaken incubations. The limi-
tation of oxygen is caused by oxygen consumption in abiotic
processes and by the activity of aerobic and microaerophilic
microorganisms. This results in a steep oxygen gradient in the
interface between the air atmosphere and the top of the sed-
iment slurry, as was also found in microbial mats and sedi-
ments of various origins (28). The anoxic character of sediment
in situ, from which the slurries were prepared, was demon-
strated by concentration profiles of volatile sulfur compounds
showing high H2S concentrations in and just above the sedi-
ment (15). To our knowledge, this study is the first in which
anaerobic and aerobic degradations of MT and DMS in fresh-
water sediments are compared. Other authors (3, 30) have
measured DMS consumption rates of sediment slurries of
estuarine and marine origin incubated under a N2 or an air
atmosphere without shaking. Rates under both conditions
were similar. Kiene (11) also mentioned similar consumption
rates under an N2 or air atmosphere; however, the aerobic
incubations were shaken. The comparison of DMS degrada-
tion under aerobic conditions (i.e., an air headspace with shak-
ing) with that under conditions representative of the in situ
situation (i.e., an air headspace without shaking) clearly dem-
onstrates the relevance of the use of adequate experimental
conditions for slurry incubations.
FIG. 6. Time courses of DMS (a) and MT (b) of pore water and sediment
slurry samples from a eutrophic lake (campus of Dekkerswald Institute, Nijme-
gen, The Netherlands) incubated with or without addition of DMS. Pore
water with DMS (}), pore water without the addition of DMS ({), sediment
slurry with DMS (n), and sediment slurry without the addition of DMS (h)
are shown.
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The results of our inhibition studies (with BES and tung-
state) of slurries incubated under air without shaking clearly
demonstrated that although freshwater sediments can have a
very high potential of aerobic DMS consumption, DMS is
mainly (64%) degraded by methanogenic activity due to oxy-
gen limitation. This was further confirmed by the sensitivity of
DMS consumption in these incubations (under air without
shaking) to oxygen, as was indicated by its decrease, caused by
prolonged shaking under oxic conditions during preincubation.
In addition, the degradation of DMS and MT in these fresh-
water sediments is unlikely to originate from denitrifying bac-
teria or anoxygenic phototrophs, since nitrate concentrations
in these sediments are usually low (,10 mM) and the sediment
surfaces are normally strongly light limited due to the water
column and vegetation (e.g., duckweed). The ecological niche
for aerobic, microaerophilic, and denitrifying DMS-degrading
microorganisms in freshwater sediments probably lies in a min-
imal DMS conversion at the oxygen- and nitrate-limited sedi-
ment-water column interface. Temporal variations of the in
situ sediment conditions, like aeration due to aridification in
summer and physical mixing of the sediment caused by strong
currents of the water column, can enlarge the input of oxygen
or nitrate and thereby stimulate the aerobic or nitrate-driven
DMS conversion. In contrast to freshwater sediments, in mi-
crobial mats and salt marsh sediments aerobic DMS oxidizers
are thought to be important in the regulation of the fluxes of
DMS to the atmosphere (27, 28, 31). In these systems, how-
ever, aerobic bacteria encounter more-favorable conditions for
DMS oxidation due to high diel fluctuations of oxygen, result-
ing in the coinciding presence of oxygen and reduced sulfur
compounds.
Comparison of the anaerobic DMS degradation capacity of
sediment slurries with that of sediment pore water revealed
that the DMS-degrading microorganisms appeared to be asso-
ciated with the sediment particles. The absence of MT-degrad-
ing microorganisms in the pore water was illustrated by the
accumulation of MT in pore water incubations with and with-
out the addition of DMS. These results are strong evidence
for the fact that potential anaerobic DMS-degrading bacteria
(methanogens and sulfate- and nitrate-reducing bacteria) are
associated with the sediment particles. This is consistent with
the results of fluorescence microscopy showing that most of the
blue fluorescence specific for methanogens was associated with
the sediment particles. The association of bacteria with the
sediment particles increases the retention time of these bacte-
ria in the system in spite of low metabolic and growth rates.
Close association in aggregates or sediment particles also en-
sures that anaerobic bacteria have better protection against
oxygen poisoning.
Microorganisms in the sediment had high affinities for DMS
(and MT) under both oxic and anoxic conditions (apparent Km,
5 to 7 mM). This clarifies why DMS and MT concentrations in
situ are often under or just above the detection limit (0.85 mM)
(15). The apparent Km values determined in this study are
comparable to those reported for Thiobacillus spp., Hyphomi-
crobium spp., and other methylotrophs capable of aerobic deg-
radation of DMS (3, 18, 25). We are currently investigating Ks
values for DMS in pure cultures of methanogens.
In conclusion, this study provides strong evidence that, al-
though freshwater sediments rich in organic matter have very
high aerobic consumption capacities, DMS is mainly converted
anaerobically by methanogens due to oxygen limitation. As a
consequence, in vitro aerobic consumption rates of substrates
or most probable numbers of aerobic microorganisms used as
evidence for the relevance of aerobic metabolism in vivo
should be determined under appropriate conditions and inter-
preted with great care.
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The roles of several trophic groups of organisms (methanogens and sulfate- and nitrate-reducing bacteria)
in the microbial degradation of methanethiol (MT) and dimethyl sulfide (DMS) were studied in freshwater
sediments. The incubation of DMS- and MT-amended slurries revealed that methanogens are the dominant
DMS and MT utilizers in sulfate-poor freshwater systems. In sediment slurries, which were depleted of sulfate,
75 mmol of DMS was stoichiometrically converted into 112 mmol of methane. The addition of methanol or MT
to DMS-degrading slurries at concentrations similar to that of DMS reduced DMS degradation rates. This
indicates that the methanogens in freshwater sediments, which degrade DMS, are also consumers of methanol
and MT. To verify whether a competition between sulfate-reducing and methanogenic bacteria for DMS or MT
takes place in sulfate-rich freshwater systems, the effects of sulfate and inhibitors, like bromoethanesulfonic
acid, molybdate, and tungstate, on the degradation of MT and DMS were studied. The results for these
sulfate-rich and sulfate-amended slurry incubations clearly demonstrated that besides methanogens, sulfate-
reducing bacteria take part in MT and DMS degradation in freshwater sediments, provided that sulfate is
available. The possible involvement of an interspecies hydrogen transfer in these processes is discussed. In
general, our study provides evidence for methanogenesis as a major sink for MT and DMS in freshwater
sediments.
Microbial formation and degradation of the volatile organic
sulfur compounds (VOSC) dimethyl sulfide (DMS) and meth-
anethiol (MT) are thought to have a dramatic impact on the
total flux of sulfur compounds in the atmosphere (18, 23).
Kiene and Bates (14) demonstrated that the microbial degra-
dation of DMS was far more important in affecting its concen-
tration in water at the ocean surface than ventilation to the
atmosphere. As a consequence of their importance, these mi-
crobial processes have been extensively studied in various sys-
tems, including marine, estuarine, salt marsh, and salt lake
sediments or water layers, with respect to the microbial pop-
ulations involved and the factors affecting them. In these sys-
tems, the catabolism of DMS and MT has been ascribed to
various groups of bacteria, including aerobes (e.g., Thiobacillus
and Methylophaga species) (5, 35–37) and anaerobes (anoxy-
genic phototrophs, sulfate-reducing bacteria, and methano-
genic bacteria) (7, 17, 20, 24, 25, 28, 29, 34, 38), depending on
the light intensity and the availability of oxygen or alternative
electron acceptors (sulfate and nitrate).
In comparison with these high-salinity systems, the distribu-
tion of VOSC in freshwater systems has been less extensively
described (1–3, 8, 9, 22, 26, 27, 31, 32). Although significant
amounts of DMS and MT have been detected in freshwater
systems (2, 3, 8, 9, 22, 31, 32), the microbial formation and
degradation of VOSC in these environments have hardly been
studied. The principal mechanisms of VOSC formation in
freshwater environments appeared to be the methylation of
H2S and MT to form MT and DMS, respectively (6, 16, 22),
and to a lesser extent the formation of VOSC during the
breakdown of sulfur-containing amino acids (12, 19, 39).
In most organic-rich freshwater sediments, the degradation
of DMS and MT primarily occurs anaerobically, due to oxygen
limitation (21). An extended survey of various freshwater sed-
iments demonstrated that the degradation of DMS and MT
effectively balanced the formation of these VOSC, resulting in
low steady-state concentrations of these compounds in fresh-
water sediments (22). Zinder and Brock (40) demonstrated
that DMS and MT were degraded anaerobically to methane,
carbon dioxide, and H2S by methanogenic bacteria in slurries
prepared from Lake Mendota sediment. In Sphagnum peat
slurries, however, the role of methanogens in DMS and MT
degradation remained unclear, since no net DMS consumption
was recorded (16). In this study, we examined the degradation
of DMS and MT in freshwater sediments in detail, with respect
to the methanogenic population and other bacteria that can
utilize DMS or MT.
MATERIALS AND METHODS
Site description and sampling. Sediment samples were taken from ditches of
a minerotrophic peatland (De Bruuk) and a eutrophic pond (on the campus of
Dekkerswald Institute), both near Nijmegen, The Netherlands. Sulfate-rich
freshwater sediment samples were collected from ditches at Zegveld, The Neth-
erlands. Sediment samples were taken as described before (22).
Slurry incubations. Bottles for slurry incubations were prepared and treated as
described previously (22). Before the experiment was started the slurries were
flushed with N2 or N2-CO2 (80:20 [vol/vol]). Most experimental additions were
made from pH-neutral stock solutions prepared in distilled water. These addi-
tions included bromoethanesulfonic acid (BES), sodium molybdate, sodium
tungstate, sodium sulfate, sodium nitrate, DMS, MT, methanol, sodium acetate,
and trimethylamine (TMA). An abiotic loss of MT or DMS was followed by the
incubation of either sterilized sediment slurries (121°C for 20 min) or slurries
* Corresponding author. Mailing address: Department of Microbi-
ology and Evolutionary Biology, Faculty of Science, University of Ni-
jmegen, Toernooiveld 1, NL-6525 ED Nijmegen, The Netherlands.
Phone: 31 (0) 24 3652315. Fax: 31 (0) 24 3652830. E-mail: bartl@sci
.kun.nl.
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amended with chloroform (final concentration, 500 mM). The sediment slurries
(duplicates or triplicates) were incubated in the dark with or without shaking at
30°C.
Analytical procedures. Gas samples (0.5 to 1.0 ml) taken from the incubation
bottles with gastight syringes were analyzed for the presence of methane, MT,
and DMS on a Hewlett-Packard model 5890 gas chromatograph equipped with
a flame ionization detector and a Porapak Q (80/100 mesh) column (10). The
specific determination of sulfur compounds (H2S, MT, and DMS) in gas samples
of the incubations was done on a Packard model 438A gas chromatograph
equipped with a flame photometric detector and a Carbopack B HT100 (40/60
mesh) column as described previously (4, 22). The dry weights of the sediment
slurries were determined by drying them to a constant weight at 80°C. To
determine the organic matter content, dried sediments were ashed for 4 h at
550°C. Sulfate and nitrate analyses were done according to the methods de-
scribed by Roelofs (33).
RESULTS
Degradation of endogenous MT and DMS. The conversion
of endogenously produced MT and DMS to methane was
investigated by the incubation of sediment slurries prepared
from a eutrophic pond with or without the addition of BES. In
incubations without BES, concentrations of MT and DMS
remained low while methane accumulated to high levels in 15
days (330 mmol per bottle) at an accumulation rate of 36.7
nmol per ml of sediment slurry z h21. Similar to previous
findings (21, 22), the inhibition of methanogenesis by BES
resulted in the accumulation of MT (55 mM) and small quan-
tities of DMS (3.3 mM). Using the stoichiometry according to
which 1 mol of DMS or 1 mol of MT results in the formation
of 1.5 and 0.75 mol of methane, respectively (17), it was cal-
culated that the methane arising from endogenous MT and
DMS in these freshwater sediments makes up only a minor
part (0.5%) of the total amount of methane produced.
Degradation of added DMS. DMS added to the slurries of a
eutrophic pond was rapidly consumed with some transient
accumulation of MT (Fig. 1A and B). The conversion of DMS
was inhibited by 95% by the addition of BES. MT accumula-
tion in these incubations, which increased dramatically after
the addition of BES, was not derived solely from endogenous
substrates but was also derived from the conversion of the
added DMS, since the level of MT accumulation in incubations
which did not receive DMS was much lower (Fig. 1C). In
contrast to BES addition, molybdate did not inhibit DMS deg-
radation and even slightly stimulated MT and DMS degrada-
tion (Fig. 1A and B). Slurries without added DMS did not
show any accumulation of MT upon the addition of molybdate,
as was the case for BES-inhibited slurries (Fig. 1C). In contrast
to BES inhibition, the combined inhibition of the DMS-
amended slurries with BES plus molybdate resulted in a com-
plete inhibition of DMS degradation (Fig. 1A). The level of
MT accumulation in these incubations was lower than that in
BES-inhibited slurries (Fig. 1B). Similarly, the level of MT
accumulation in BES- or molybdate-inhibited slurries without
the addition of DMS was also lower than that in slurries in-
hibited with BES alone (Fig. 1C).
Stoichiometry of DMS conversion. To elucidate the stoichi-
ometry of the DMS conversion in freshwater sediments, DMS
was added to a slurry prepared from the sediment of Dekker-
swald Pond. The DMS was added by pulse-wise additions of
small amounts to avoid toxicity problems. Three subsequent
additions of DMS had to be made to get a significant difference
in the amount of methane produced from DMS compared with
the (large) amount of methane produced from endogenous
substrates. The total amount of added DMS (75 mmol) was
converted to 112 mmol of methane (corrected for endogenous
production). The amount of methane which can be calculated
from the DMS added, by using the stoichiometry reported by
Kiene et al. (17), is almost identical to the experimentally
determined values.
Alternative methanogenic substrates. The effect of alterna-
tive methanogenic substrates on the degradation of MT and
DMS by bacteria in freshwater sediments was tested by the
addition of methanol (66 mM), TMA (66 mM), sodium acetate
(66 mM), or MT (14 mM) to a DMS-degrading slurry. The
degradation of DMS was not influenced by the addition of
TMA and sodium acetate (Fig. 2A). In contrast, the addition of
methanol had a dramatic impact on the degradation of DMS
and MT. Directly after methanol addition, MT was rapidly
converted, while at the same time a transient accumulation of
DMS was observed (Fig. 2A and B). DMS degradation, cou-
pled with MT formation, was restored to the original level 3 h
after the addition of methanol. The addition of MT (14 mM)
slightly decreased the degradation of DMS. DMS degradation
FIG. 1. Effects of several inhibitors on the degradation of DMS (A) and the
formation of MT (B and C) in anoxic slurries prepared from the sediment of a
eutrophic pond (on the campus of Dekkerswald Institute) after the addition of
DMS (A and B) and without addition of DMS (C). Both DMS-amended slurries
and slurries without DMS were incubated without inhibitor (control) (n) or with
the addition of BES (h), molybdate (}), or molybdate plus BES ({). The arrows
indicate the times of the addition of the inhibitors (BES and molybdate).
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was restored to the original rate after all MT had been con-
verted (Fig. 2C).
Effect of sulfate on the degradation of endogenous DMS and
MT. Competition between sulfate-reducing bacteria and
methanogenic bacteria for DMS has been shown to occur in
marine and estuarine environments which are rich in sulfate.
To find out whether a similar competition takes place in fresh-
water systems, the roles of methanogenic bacteria and sulfate-
reducing bacteria in the degradation of MT and DMS in sul-
fate-rich freshwater sediments were studied. Sediment slurries
prepared from various sulfate-rich ditches were incubated
without addition of a substrate to determine the in situ meth-
ane formation rates. The degradation of endogenously pro-
duced MT was analyzed by inhibition with BES, molybdate, or
BES plus molybdate. Sulfate concentrations and formation
rates of methane and MT of these incubations are given in
Table 1. The slurry with the smallest amount of sulfate had the
highest methane formation rate (Table 1, sample 4). The ad-
dition of BES to this slurry resulted in an inhibition of metha-
nogenesis and an accumulation of MT. No accumulation of
MT was found in the other three (sulfate-rich) slurries. Mo-
lybdate addition caused an increase of methanogenesis in all
the sulfate-rich slurries (Table 1, samples 1 to 3), whereas
methane formation in slurry 4 was slightly inhibited. In none of
the slurries inhibited with molybdate was MT accumulation
detected. As expected, slurries inhibited with BES plus molyb-
date showed a lower level of methane formation than the
samples inhibited with molybdate alone. In contrast to incu-
bations of sulfate-rich slurries with BES or molybdate addition
or without addition (controls), incubations with BES plus mo-
lybdate added all showed a significant accumulation of MT,
with MT accumulation rates all in the same order of magnitude
(Table 1).
The impact of sulfate on the degradation of MT and DMS
was studied in detail by the addition of sulfate to sediment
slurries prepared from ditches in the De Bruuk peatland, in
which methanogenesis was inhibited by BES. In incubations
without additional sulfate, MT started to accumulate immedi-
ately after BES addition (Fig. 3). At first, no accumulation of
endogenously produced MT was found in slurries with sulfate
addition. However, in slurries amended with 0.5 or 1.0 mM
sulfate, MT started to accumulate after 67 and 167 h of incu-
bation (Fig. 3). Results of sulfate analysis showed that at that
FIG. 2. (A and B) Effects of the addition of alternative substrates on the transformation of DMS (A) and MT (B) in anoxic slurries prepared from a minerotrophic
ditch in the De Bruuk peatland. At the times indicated by the arrows, DMS-amended slurries were pulsed with methanol (66 mM) (h), TMA (66 mM) (}), and sodium
acetate (66 mM) ({). Controls (n) were incubated without any further addition. (C) Effect of the addition of MT on the degradation of DMS. Shown are DMS
concentrations in slurries without further addition (control) (n) and slurries with the addition of MT (14 mM) (h). For the latter incubations the MT concentrations
({) are also shown.
TABLE 1. Effects of sulfate concentrations on the formation of
methane and the degradation of MT in various sediment slurries
prepared from freshwater ditches at Zegveld, The Netherlands
Sample SO4
22
(mM)
Formation rate (pmol/mg of organic matter z h21)a
Control BES Molybdate BES 1molybdate
CH4 MT CH4 MT CH4 MT CH4 MT
1 1,783 4.2 0 2.6 0 108 0 12 0.21
2 1,780 1.3 0 0.6 0 55 0 23 0.20
3 1,825 9.8 0 3.4 0 92 0 17 0.19
4 549 175 0 36.5 0.46 105 0 27 0.12
a Rates of methane and MT formation were calculated from time courses of
duplicate bottles, with or without the addition of BES (25 mM), molybdate (20
mM), or BES (25 mM) plus molybdate (20 mM), and the formation rates are
given in picomoles/milligram of organic matter z hour21.
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time sulfate was depleted. After termination of the experiment
(550 h), MT also started to accumulate in slurries amended
with a 2.5 mM concentration of sulfate (data not shown).
Sulfate analysis revealed that at that time, sulfate concentra-
tions in the slurries amended with 2.5, 5.0, and 7.5 mM con-
centrations of sulfate had decreased to 0, 2.9, and 5.9 mM,
respectively.
Effects of sulfate and H2 on the degradation of added DMS
and MT. The incubation of sediment slurries amended with
MT or DMS demonstrated that the inhibition of MT and DMS
degradation by BES could be reversed by the addition of sul-
fate (Fig. 4A and B). Consistent with the results of molybdate
inhibitions mentioned above (Fig. 1), tungstate also slightly
enhanced MT and DMS degradation (Fig. 4A and B).
An alternative explanation for the effect of sulfate on the
methane formation from DMS or MT is the occurrence of an
interspecies transfer of reduction equivalents. According to
this view, reducing equivalents, in the form of H2, are trans-
ferred from the DMS- or MT-degrading methanogen to the
H2-consuming sulfate-reducing bacterium. This hypothesis was
investigated by the incubation of slurries with the addition of
DMS, DMS plus BES, and DMS plus BES and sulfate under
an N2 or H2 gas phase. The degradation of added DMS ceased
in slurries inhibited with BES (N2 and H2 gas phases). In
accordance with the results discussed above, DMS degradation
in slurries with BES and an N2 headspace was restored to the
level of the controls by the addition of sulfate (Fig. 5). In
incubations with BES plus sulfate, in which the N2 headspace
was substituted with H2, however, the effect of sulfate on the
DMS degradation was not found. After 120 h of incubation,
DMS degradation in incubations with BES and sulfate (in N2)
decreased and finally stopped completely (Fig. 5). Sulfate anal-
ysis of pore water of the sulfate-amended samples revealed
that at that stage sulfate was completely converted (data not
shown). Experiments with nitrate (instead of sulfate) gave sim-
ilar results although at a different time scale. The complete
degradation of the added DMS was achieved after more than
500 h.
DISCUSSION
The microbial degradation of MT and DMS was studied in
freshwater sediments, since these processes are known to be an
important factor in determining the total flux of sulfur from
these systems into the atmosphere (14, 18, 23). Sediment slurry
experiments in previous studies had demonstrated that the
formation of VOSC in freshwater sediment is well balanced by
its (mainly anaerobic) degradation, resulting in low steady-
state concentrations (21, 22). This study investigates the pos-
sible role of several groups of microorganisms (methanogens
and sulfate- and nitrate-reducing bacteria) in the degradation
of MT and DMS in freshwater sediments.
The use of specific inhibitors of methanogenic and sulfate-
reducing bacteria in nonamended and DMS- or MT-amended
freshwater sediment slurry incubations revealed that methano-
gens are the dominant DMS and MT utilizers in sulfate-poor
freshwater systems. By conversion of these substances to meth-
ane these methanogens lower the concentrations of MT and
FIG. 3. Time courses of endogenously produced MT in BES-inhibited (25
mM) sediment slurries prepared from a minerotrophic ditch in the De Bruuk
peatland amended with sulfate to various final concentrations. Shown are slurries
without sulfate (control) (n) and slurries amended with sulfate to final concen-
trations of 0.5 mM (h), 1.0 mM (}), 2.5 mM ({), 5 mM (), and 7.5 mM ().
FIG. 4. Effects of sulfate and various inhibitors on the degradation of DMS
(A) and MT (B) in anoxic slurries prepared from a minerotrophic ditch in the De
Bruuk peatland. Shown are the control (), sodium tungstate (4 mM) (), BES
(}), BES plus sodium sulfate (1.5 mM) ({), an abiotic control that was heated
for 1.5 h (70°C) (n), and chloroform (500 mM) (h).
FIG. 5. Effects of sulfate and H2 headspace on the degradation of added
DMS in BES-inhibited sediment slurries prepared from a minerotrophic ditch in
the De Bruuk peatland. Shown are controls (n and h), BES (} and {), and BES
plus sulfate ( and ). Closed symbols represent slurry samples incubated under
an N2 headspace, and open symbols represent slurry samples incubated under an
H2 headspace.
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DMS in situ as was also found before (21, 22). In contrast, in
marine and estuarine environments the major part (80 to 90%)
of the DMS is degraded by sulfate-reducing bacteria (13, 15,
17). The conversion of MT (and DMS) to methane in fresh-
water sediments represents less than 1% of the total amount of
methane produced in situ, calculated by using the stoichiom-
etry proposed by Kiene et al. (17). In marine or salt marsh
systems, however, the conversion of DMS is a substantial part
(28 to 40%) of the total methanogenic activity (13, 17).
BES inhibition appears to have more effect on the MT
degradation than on the degradation of DMS. Similar results
were published by Kiene et al. (17). These differences were
also observed in slurry experiments in which MT and DMS
were added. BES completely blocked MT degradation,
whereas DMS degradation continued at a low rate (Fig. 4A
and B). The reason for this difference remains unclear.
Since methanogens appeared to degrade almost all the DMS
added, the stoichiometric formation of methane from DMS
was investigated. In sediment slurries, which were depleted of
sulfate, 75 mmol of DMS was converted to 112 mmol of meth-
ane. This is in accordance with the stoichiometry proposed by
Kiene et al. (17), where 1 mol of DMS results in the formation
of 1.5 mol of methane. Consequently, the 3:1 ratio of methane
to carbon dioxide we found is much lower than the ratio of
14C-labelled methane and 14C-labelled carbon dioxide (.9:1)
produced from 14C-labelled DMS mentioned in the only other
study on the degradation of MT and DMS in freshwater sed-
iments (40).
The addition of alternative substrates for methanogens to
the DMS-degrading slurries at concentrations similar to that of
DMS revealed that methanol and MT lowered the degradation
rates for DMS (Fig. 2). This indicates that the methanogens in
freshwater sediments, which degrade DMS, are also consumers
of methanol and MT with an apparently slightly higher affinity
for these substrates than for DMS. This is in accordance with
the fact that most methanogens isolated on DMS are obligate
methylotrophs (11, 17, 20, 24, 25, 28). This methylotrophic
characteristic was confirmed by the observation that sodium
acetate did not have any effect on DMS degradation. Surpris-
ingly, however, TMA did not affect DMS degradation. This
may be due to the fact that TMA is not a common substrate in
freshwater sediments as is the case for marine and estuarine
systems.
Competition between sulfate-reducing bacteria and metha-
nogenic bacteria for DMS has been shown to occur in marine
and estuarine environments which are rich in sulfate (13, 17).
To verify whether a similar competition also takes place in
sulfate-rich freshwater systems, the effects of sulfate and in-
hibitors, like BES, molybdate, and tungstate, on the degrada-
tion of MT and DMS were studied. Sulfate-rich slurries re-
acted differently upon the addition of inhibitors compared to
sulfate-poor slurries (Table 1). Whereas the degradation of
endogenous MT in sulfate-poor slurries could be inhibited by
BES alone, in sulfate-rich slurries this was realized only by a
combined inhibition with BES plus molybdate. In sulfate-rich
slurries in which methanogenic activity is inhibited by BES,
endogenous MT is therefore likely to be degraded by sulfate-
reducing bacteria into carbon dioxide and H2S. In the slurries
inhibited with molybdate, methanogenesis was stimulated sig-
nificantly compared to the controls, and in these incubations
endogenous MT is likely to be degraded by methanogens (Ta-
ble 1). The impact of sulfate on the degradation of endogenous
MT was also clearly demonstrated by the addition of various
concentrations of sulfate to sulfate-depleted sediment slurries
in which methanogenesis was inhibited by BES. In these ex-
periments MT accumulated only after the depletion of sulfate.
In MT- or DMS-amended slurries, the inhibition of MT and
DMS degradation by BES could be reversed by the addition of
sulfate. The degradation rates of the sulfate-amended slurries,
however, were lower than those of the controls. Furthermore,
the degradation of the added MT and DMS in the sulfate-
amended slurries stopped when sulfate was depleted. These
results clearly demonstrate that besides methanogens, sulfate-
reducing bacteria take part in MT and DMS degradation in
freshwater sediments, provided that sulfate is available. Al-
though this contribution of sulfate reducers to MT and DMS
degradation is often mentioned in the literature, most attempts
at the isolation of sulfate reducers on MT or DMS have been
unsuccessful, except for an isolate which was obtained from a
thermophilic anaerobic digester (34). Improved isolation tech-
niques have shown that former unsuccessful isolations of bac-
teria from a certain inoculum often were caused by suboptimal
culture conditions rather than by the absence of that species of
bacteria from the inoculum. However, it is also possible that
the contribution of sulfate reducers to the MT and DMS deg-
radation occurs by cometabolism or by a facultative syntrophic
metabolism between methanogens and sulfate-reducing bacte-
ria. One of the possibilities is the occurrence of an interspecies
H2 transfer between the DMS-degrading methanogen and the
H2-consuming sulfate-reducing bacterium. An interspecies H2
transfer has been demonstrated to occur during the degrada-
tion of methanol by cocultures of Methanosarcina barkeri and
Desulfovibrio vulgaris (30). Our results of sediment slurry in-
cubations amended with BES or BES plus sulfate or nitrate, in
which DMS degradation was inhibited under an H2 headspace,
support a syntrophic interaction: sulfate reducers withdraw
reducing equivalents (H2) from the DMS-degrading methano-
gens, forcing them to primarily oxidize the MT or DMS to
carbon dioxide and H2S. However, we cannot exclude the
possibility that the effect of H2 is due to the preference of
DMS-degrading nitrate or sulfate reducers for H2 over DMS as
substrate. Nevertheless, the results of most of the studies pub-
lished on the competition of methanogens and sulfate reducers
for DMS and MT (13, 15, 17, 29, 40) can easily be explained by
this transfer of H2 between DMS-degrading methanogens and
H2-consuming bacteria, such as sulfate or nitrate reducers.
In conclusion, this study provides evidence for methanogen-
esis as a major sink for MT and DMS in freshwater sediments.
Further, the results are supportive, but not conclusively, for the
occurrence of a syntrophic degradation of DMS by methano-
gens and sulfate- or nitrate-reducing bacteria.
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A newly isolated methanogen, strain DMS1T, is the first obligately anaerobic archaeon which was directly
enriched and isolated from a freshwater sediment in defined minimal medium containing dimethyl sulfide
(DMS) as the sole carbon and energy source. The use of a chemostat with a continuous DMS-containing gas
stream as a method of enrichment, followed by cultivation in deep agar tubes, resulted in a pure culture. Since
the only substrates utilized by strain DMS1T are methanol, methylamines, methanethiol (MT), and DMS, this
organism is considered an obligately methylotrophic methanogen like most other DMS-degrading methano-
gens. Strain DMS1T differs from all other DMS-degrading methanogens, since it was isolated from a fresh-
water pond and requires NaCl concentrations (0 to 0.04 M) typical of the NaCl concentrations required by
freshwater microorganisms for growth. DMS was degraded effectively only in a chemostat culture in the
presence of low hydrogen sulfide and MT concentrations. Addition of MT or sulfide to the chemostat signif-
icantly decreased degradation of DMS. Transient accumulation of DMS in MT-amended cultures indicated
that transfer of the first methyl group during DMS degradation is a reversible process. On the basis of its low
level of homology with the most closely related methanogen, Methanococcoides burtonii (94.5%), its position on
the phylogenetic tree, its morphology (which is different from that of members of the genera Methanolobus,
Methanococcoides, and Methanohalophilus), and its salt tolerance and optimum (which are characteristic of
freshwater bacteria), we propose that strain DMS1T is a representative of a novel genus. This isolate was
named Methanomethylovorans hollandica. Analysis of DMS-amended sediment slurries with a fluorescence
microscope revealed the presence of methanogens which were morphologically identical to M. hollandica, as
described in this study. Considering its physiological properties, M. hollandica DMS1T is probably responsible
for degradation of MT and DMS in freshwater sediments in situ. Due to the reversibility of the DMS
conversion, methanogens like strain DMS1T can also be involved in the formation of DMS through methylation
of MT. This phenomenon, which previously has been shown to occur in sediment slurries of freshwater origin,
might affect the steady-state concentrations and, consequently, the total flux of DMS and MT in these systems.
Dimethyl sulfide (DMS) has an impact on global warming
and acid precipitation and on the global sulfur cycle because of
its oxidation products (e.g., methanesulfonic acid and SO2),
which are released into the atmosphere. For this reason trans-
formations of volatile organic sulfur compounds have been
intensively studied during the past few decades. Microbial for-
mation and degradation of DMS and methanethiol (MT) have
been shown to have a significant effect on the total flux of
sulfur compounds in the atmosphere (13, 14, 21).
In freshwater sediments, formation of MT and DMS is bal-
anced by degradation of these compounds, which results in low
steady-state concentrations (18–20). In contrast to marine and
estuarine systems, in which DMS originates mainly from di-
methylsulfoniumpropionate, volatile organic sulfur com-
pounds in freshwater sediments are derived mainly from meth-
ylation of sulfide and MT (7, 15, 18).
In systems with high salt contents, degradation of MT and
DMS has been attributed to members of various groups of
bacteria, including aerobes (e.g., thiobacilli and Methylophaga
spp.) (4, 34–36) and anaerobes (anoxygenic phototrophs, sul-
fate reducers, and methanogens) (8, 16, 17, 23, 25, 26, 33, 39).
The activity of members of these trophic groups depends on
the light intensity and the availability of oxygen or alternative
electron acceptors, such as sulfate and nitrate. Due to oxygen
limitation in freshwater sediments, DMS and MT are degraded
mainly anaerobically by means of methanogenic activity (19).
Methanogenic conversion of MT and DMS in sediment slur-
ries was first demonstrated by Zinder and Brock (40, 41). Since
then, various methanogens have been isolated with DMS or
MT from marine, estuarine, salt marsh, and salt lake sediments
(8, 12, 16, 17, 23, 25). These methanogens belong to the genera
Methanosarcina, Methanolobus, and Methanosalsus. Although
methanogens have been identified as the dominant consumers
of DMS and MT in sulfate-poor freshwater sediments (18–20,
40, 41), previous attempts to isolate methanogens which are
able to grow on DMS or MT from such sediments were un-
successful (33, 41). Moreover, production of methane or car-
bon dioxide (or [14C]methane and [14C]carbon dioxide) from
MT or DMS (or [14C]MT and [14C]DMS) was not detected in
pure cultures of methanogens isolated from nonsaline systems
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(e.g., Methanobacterium ruminantium, Methanobacterium ther-
mautotrophicum, and Methanosarcina barkeri cultures) (28, 41).
In this paper we describe the isolation of a nonhalophilic
methylotrophic methanogen, strain DMS1T, from the sedi-
ment of a eutrophic freshwater pond on the campus of the
Dekkerswald Institute, Nijmegen, The Netherlands. This strain
has the salt tolerance characteristic of freshwater bacteria and
is able to use DMS, MT, methanol, and methylamines for
growth and methanogenesis. Characteristics of strain DMS1T
are discussed in relation to its ecological niche. Phylogenetic
analysis revealed that this strain represents a novel genus in the
family Methanosarcinaceae.
MATERIALS AND METHODS
Source of inoculum. Samples were collected from the top layer (5 to 10 cm) of
sediment (depth, 50 cm) in a eutrophic freshwater pond on the Campus of
Dekkerswald Institute, Nijmegen, The Netherlands. The sediment samples were
obtained by suction and placed in anaerobic bottles as described by Lomans et al.
(18).
Slurry incubation. Sediment slurries were prepared and incubated as de-
scribed previously by Lomans et al. (18–20). Bromoethanesulfonic acid (BES),
sodium molybdate, sodium tungstate, DMS, and MT were added from pH-
neutral anaerobic stock solutions in distilled water.
Media and culture techniques. Cultivation was carried out in 60- and 120-ml
serum bottles filled with 25 and 50 ml of medium, respectively. The defined
sulfide-reduced and bicarbonate-buffered medium of Widdel and Bak (37) was
modified slightly and used for isolation. This medium contained (per liter) 1.00 g
of NaCl, 0.25 g of Na2SO4, 0.25 g of NH4Cl, 0.20 g of KH2PO4, 0.50 g of KCl,
0.4 g of MgCl2 z 6H2O, 0.1 g of CaCl2 z 2H2O, 0.30 g of Na2S z 7H2O, and 2.50 g
of NaHCO3. Sodium sulfide was sterilized separately and added to the basal
medium 1 to 2 h before it was used. One milliliter of a trace element solution
containing the following compounds was added per liter of medium: nitrilotri-
acetic acid (NTA) (13.0 g/liter), FeSO4 (0.12 g/liter), H3BO4 (0.30 g/liter),
H2SeO3 (0.32 g/liter), KAl(SO4)2 z 12H2O (0.32 g/liter), CuSO4 z 5H2O (0.32
g/liter), CoCl2 z 6H2O (0.32 g/liter), NaMoO4 z 2H2O (0.032 g/liter), NiCl2 z 6H2O
(0.31 g/liter), ZnSO4 z 7H2O (0.32 g/liter), and MnCl2 z 4H2O (0.32 g/liter). NTA
and FeSO4 were dissolved in 600 ml of distilled water by adding NaOH. After the
other components were added to the NTA-FeSO4-NaOH solution, the final pH
was adjusted to 6.5 and the volume was adjusted to 1,000 ml with distilled water.
The bottles were sealed with black butyl rubber stoppers, gassed with an O2-free
N2-CO2 mixture (80/20, vol/vol), and sterilized (121°C, 20 min).
After sterilization (121°C, 20 min) the medium was supplemented with 1 ml of
an anaerobic sterile vitamin stock solution per liter of medium; this solution
contained (per liter) 0.1 g of p-aminobenzoate, 0.1 g of riboflavin, 0.2 g of
thiamine, 0.2 g of nicotinate, 0.5 g of pyridoxin, 0.1 g of pantothenate, 0.1 g of
cobalamin, 0.02 g of biotin, 0.05 g of folate, and 0.05 g of lipoate.
Carbon sources were added from anaerobic sterile stock solutions that had
been prepared in distilled water 1 to 2 h before inoculation. Immediately before
inoculation, the medium was supplemented with small amounts of sodium di-
thionite obtained from a freshly prepared stock solution (final concentration,
0.08 g/liter) and with Fe(II)Cl2 (final concentration, 10 mg/liter) since this stim-
ulated the growth of strain DMS1T significantly (see below). The bottles were
incubated in the dark at 30°C.
The isolate was enriched in an anaerobic chemostat that was fed with low
concentrations of DMS (20 to 250 nmol per ml of headspace) in the N2-CO2
(80/20, vol/vol) gas stream that was passed through the system (Fig. 1). After
enrichment, strain DMS1T was isolated by the deep agar method as described by
Pfennig (27). The absence of contaminants was confirmed by growing a culture
in the medium described above supplemented with yeast extract (0.5%) and
Trypticase peptone (0.5%) and also by fluorescence microscopy. Stock cultures
were transferred monthly into fresh medium, and cultures containing medium
supplemented with glycerol (5%) were stored in glass ampoules under an N2-
CO2 atmosphere (80/20, vol/vol) at 280°C.
Determining optimal growth conditions. Specific growth rates were deter-
mined by measuring the amount of methane formed during growth on methanol.
The specific growth rate during exponential growth was analyzed by linear re-
gression of the logarithm of the total amount of methane that accumulated
versus time. When the effects of environmental parameters (pH, temperature,
and salt concentration) were tested, growth rates were determined with cultures
adapted to the conditions used. We transferred cultures under these conditions
at least two times sequentially. In particular, in order to obtain a culture at a
higher osmolarity, it was necessary to transfer a culture in several steps to media
having progressively higher osmotic values.
Cell suspension experiments. Conversion of DMS and MT was studied by
using samples from chemostat cultures. After a cell suspension was harvested
and placed in a 120-ml serum bottle (reduced with 0.5 ml of a solution containing
4 g of sodium dithionite per liter; final concentration, 17 mg/liter), 7- to 10-ml
aliquots were dispensed into 60-ml serum bottles that had been reduced with 0.1
ml of 100 mM Ti(III) citrate (final concentration, 1 to 1.4 mM) (38). The
suspensions were flushed with N2 to remove the endogenous substrates (DMS
and MT) and sulfide. The cell suspensions were incubated at 32°C with shaking
(100 rpm).
Analytical techniques. Gas samples (0.5 to 1.0 ml) were removed from the
incubation bottles with pressure lock syringes and were analyzed to determine
their methane, MT, and DMS contents with a Hewlett-Packard model 5890 gas
chromatograph equipped with a flame ionization detector and a Porapak Q
column (80/100 mesh) (10). Specific determinations of sulfur compounds (H2S,
MT, and DMS) in gas samples from the incubation mixtures were performed
with a Packard model 438A gas chromatograph equipped with a flame photo-
metric detector and a Carbopack B HT100 column (40/60 mesh) as described
previously (3, 18).
Microscopy and photography. Transmission and scanning electron micro-
graphs were obtained with a Philips model 201 transmission electron microscope
and a JEOL model T300 scanning electron microscope by using cells from a
late-exponential-phase culture that had been fixed with glutaraldehyde (2%,
wt/vol) in 50 mM sodium chloride and osmium tetroxide (1%, wt/vol) and
dehydrated in absolute ethanol.
Phylogenetic analysis. Strain DMS1T DNA was isolated by crushing a cell
pellet (obtained from 20 ml of culture) in liquid N2 by using a mortar and pestle
(11). The homogenate was suspended in 4 ml of TE extraction buffer (10 mM
Tris-HCl, 1 mM EDTA; pH 7.5). After sodium dodecyl sulfate (SDS) (1%,
wt/vol) and proteinase K (50 mg/ml) were added, the suspension was incubated
for 30 min at 50°C. Then the lysate was mixed with an equal volume of cold
isopropanol and centrifuged (10 min, 10,000 3 g, 4°C). The resulting pellet was
dissolved in TE extraction buffer and subjected to phenol-chloroform-isoamyl
alcohol (25:24:1) extraction. The pellet obtained after ethanol precipitation of
the water phase was dissolved in 100 ml of sterile demineralized water and stored
at 220°C. The DNA was used as a template for PCR amplification of approxi-
mately 1,350- and 1,000-base segments of the 16S rRNA gene. The PCR condi-
tions were as follows: 2.5 mM MgCl2, annealing temperature of 55°C, and 30
cycles. The PCR amplification primers used were REV007 (59-GTTGATCCT
GCCAGAGGYYA-39), ARC1326 (59-TGTGTGCAAGGAGCAGGGAC-39),
REV915 (59-GTGCTCCCCCGCCAATTCCT-39) (29), and 23S047 (59-CCCB
GGGCTTATCGCAGCTT-39) (29). The amplification products were ligated in
FIG. 1. Schematic diagram of the continuous gas flow chemostat used for
enrichment and isolation of Methanomethylovorans hollandica DMS1T. Medium
was pumped into the culture vessel, resulting in a dilution rate of 0.005 to 0.02
h21. The energy and carbon source for growth was added via the gas stream
bubbling through the chemostat. An oxygen-free N2-CO2 gas stream was passed
through a regulation vessel. DMS from a stock solution was pumped into this
vessel. The DMS was then sparged out of the water phase, and the DMS-
containing gas was then passed through the culture vessel. The concentration of
DMS in the incoming gas could be regulated by altering the N2-CO2 gas flow or
the pump flow rate of the DMS stock solution. In this way, the dilution rate and
the concentration of DMS to which the culture was exposed could be regulated
independently. A, culture vessel; B, medium stock preparation; C, regulation
vessel; D, waste vessel; E, gas trap bottle; F, tubing connected to a DMS stock
solution; G, tubing connected to an oxygen-free N2-CO2 gas stream (0.3 atm).
Shaded tubing is tubing that contained liquid. Tubing with droplets is tubing that
contained both gas and liquid, whereas tubing without shading or droplets is
tubing that contained gas. Rectangles represent sterile (gas) filters. Circles rep-
resent peristaltic pumps; the triangles in the circles indicate the direction of
pumping. The arrows indicate the direction of the gas flow.
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the pCR II vector and transformed into the Escherichia coli cells of a TA cloning
kit (Invitrogen). Plasmid DNA of clones were isolated by using a FlexiPrep kit
(Pharmacia P-L Biochemicals Inc.). The sequences of the cloned PCR products,
which represented the original 16S rRNA sequence, were analyzed with a DNA
sequencer (Applied Biosystems model 373A) by using the Taq DyeDeoxy ter-
minator cycle sequencing method (1, 24). Besides the primers of the TA cloning
kit (M13FOR and M13REV) and primers mentioned by Raskin et al. (29)
(ARC915, REV344, and MC1109), the following primers were used for sequenc-
ing: REV007 (59-GTTGATCCTGCCAGAGGYYA-39), ARC1326 (59-TGTGT
GCAAGGAGCAGGGAC-39), REV954 (59-TCAAGCTAAAGACTTTACCA-
39), and REV1299 (59-CGGTTTCCAACATAGCGCGG-39). These primers
were designed in our laboratory and were based on known sequences of other
methanogens. Primer REV954 was designed on the basis of a partial sequence of
the 16S rRNA gene of strain DMS1T but did not appear to be highly strain
specific. The resulting sequences were assembled to produce a 1,449-base con-
tinuous DNA sequence. The deduced 16S rRNA sequence of strain DMS1T was
aligned with homologous 16S rRNA sequences of closely related members of the
Archaea domain by using the Pileup method (The Dutch CAOS/CAMM Center
Facility, Nijmegen, The Netherlands). These 16S rRNA sequences were ob-
tained from the GenBank/EMBL and Ribosomal Database Project databases.
Distance matrix trees were constructed by using the method of Fitch and Mar-
goliash (9) and the neighbor-joining method of Saitou and Nei (30) in the
FITCH and NEIGHBOR programs of the PHYLIP (version 3.4) program pack-
age (6). Parsimony and bootstrap parsimony analyses were performed by using
the DNAPARS and DNABOOT programs as implemented in the PHYLIP
package.
Nucleotide sequence accession number. The deduced, almost complete se-
quence (1,449 bases) of the 16S rRNA gene of strain DMS1T has been deposited
in the GenBank database under accession no. AF120163.
RESULTS
Enrichment and isolation of strain DMS1T. We examined
various sediment samples and used the sediment slurry from a
eutrophic freshwater pond (Campus of Dekkerswald Institute,
Nijmegen, The Netherlands) which exhibited the highest level
of DMS consumption (67 nmol per ml of sediment slurry z
h21) (19, 20) for isolation of anaerobic DMS-consuming mi-
croorganisms. After unsuccessful enrichment on DMS in ster-
ilized pore water amended with Trypticase peptone (final con-
centration, 0.02%), yeast extract (final concentration, 0.02%),
or rumen fluid (final concentration, 1% [vol/vol]), mineral an-
aerobic medium (see above) was inoculated with 10% (vol/vol)
sediment slurry. Enhancement of the DMS consumption rate
in dilutions of the sediment slurries was found to be very
difficult (the maximal DMS degradation rate measured was 12
nmol of DMS per ml of slurry z h21), and transfers did not
result in a DMS-degrading enrichment culture. One of the
diluted sediment incubation preparations was used to inocu-
late a chemostat that was fed with DMS via the N2-CO2 (80/20,
vol/vol) gas stream at increasing concentrations (2 to 250 nmol
per ml of headspace) (Fig. 1 and 2A). The advantage of this
system was that unused DMS and the products (MT and H2S)
did not accumulate to inhibiting levels in the system, since they
were flushed out of the system. In this way, a stable chemostat
culture with a low H2S concentration could be maintained.
Conversion of DMS in the chemostat was revealed by the
difference between the concentration of DMS in the incoming
gas and the concentration of DMS in the outgoing gas and by
the presence of methane and MT in the outgoing gas (Fig. 2).
Use of the chemostat (dilution rate, 0.01 h21) resulted in an
enrichment culture that had a much higher DMS-degrading
capacity (6800 nmol per ml of culture fluid z h21) and con-
sisted of only one morphologically distinct methanogen. At-
tempts to isolate the DMS-degrading methanogen by using a
liquid dilution series with DMS were unsuccessful. Eventually,
cultivation of a single colony obtained from a dilution series in
which methanol and DMS in deep agar tubes were used led to
a pure culture of a DMS-degrading methanogen, which was
designated strain DMS1T. A microscopic and F420 fluorescence
microscopic analysis of cultures grown on medium supple-
mented with methanol (20 mM), yeast extract (0.5%), and
Trypticase peptone (0.5%) or on the same medium without
methanol revealed that the culture was free of contaminants.
Morphology. Deep agar colonies of strain DMS1T were
white circular disks which reached a diameter of 2 mm in 2
weeks when they were grown on methanol. Phase-contrast
microscopy and scanning and transmission electron micro-
graphs revealed that the morphology of the cells could best be
described as intermediate between the morphology of typical
Methanosarcina cell clusters and the morphology of the coc-
coid cells characteristic of Methanolobus and Methanococ-
coides species (Fig. 3). The cells occurred mainly in clusters
consisting of two or four cells, and the clusters formed large
aggregates consisting of hundreds of cell clusters. The average
diameter of individual cells was 1 to 1.5 mm. Motility was not
observed. Individual cells and cell clusters or aggregates did
not lyse within 15 min after SDS was added to a final concen-
tration of 1.0 g per liter. The isolate stained gram negative.
Optimal growth conditions. Initially, the logarithmic growth
phase of cultures of strain DMS1T was short and was followed
by a relatively long linear methane formation phase which
indicated that no growth or slow growth occurred. To deter-
mine the optimal growth conditions, the effects of vitamins,
complex nutrients, trace elements, pH, temperature, and salt
concentration were tested by using cultures of strain DMS1T
growing on methanol. Addition of FeCl2 to a culture signifi-
cantly stimulated the growth of strain DMS1T and resulted in
a short lag phase and a longer logarithmic growth phase. Since
addition of other metals (NiCl2, CoCl2, and NaMoO4) or ad-
FIG. 2. (A) Time courses of the DMS concentrations in the incoming gas ( n )
and outgoing gas (h) in the chemostat. The chemostat was inoculated (10%)
with a 10-fold-diluted sediment slurry (see text) that had been preincubated with
DMS. The slurry was prepared from a eutrophic pond sediment (Campus of
Dekkerswald Institute). (B) Time courses (start-up phase) of the amount of
DMS consumed () and the amounts of MT (F) and methane (}) produced by
a chemostat inoculated with a pure culture of strain DMS1T.
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FIG. 3. Electron micrographs of cell clusters in a late-logarithmic-phase culture of Methanomethylovorans hollandica DMS1T grown on methanol. (A) Scanning
electron micrograph clearly showing large aggregates of cell clusters consisting of two to four irregular coccoid cells. (B) Transmission electron micrograph of a
freeze-etched sample. Bar, 1 mm.
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dition of larger amounts of vitamin and trace element solutions
(see above) did not result in additional stimulation of the
growth of strain DMS1T, only FeCl2 was added in all subse-
quent experiments. The FeCl2-amended cultures were charac-
terized by large quantities of a black precipitate consisting of
FeS and FeS2. To avoid unnecessary large quantities of the
precipitates in cultures of strain DMS1T, we determined the
minimal concentration of FeCl2 which resulted in maximal
stimulation of growth (Fig. 4). Addition of FeCl2 to a final
concentration of 10 mg/liter resulted in maximal stimulation of
strain DMS1T growth.
Strain DMS1T grew optimally between pH 6.5 and 7.0. The
growth rate was low (,0.01 h21) or there was no growth in
cultures having pH values below 6.0 and above 8.0. The opti-
mum temperature was about 34 to 37°C, and no growth was
observed at temperatures above 40°C. Strain DMS1T exhibited
optimal growth at NaCl concentrations of 0 to 40 mM. The salt
tolerance range of the strain was 0 to 300 mM. At salt concen-
trations above 400 mM no growth was observed. The tolerance
of strain DMS1T to high concentrations of sulfide was tested by
growing the strain on methanol in the presence of various
sulfide concentrations, and these experiments revealed that
sulfide concentrations of 8 mM and higher affected the growth
of strain DMS1T. Similarly, we tested the tolerance of strain
DMS1T to high DMS concentrations by adding various con-
centrations of DMS to cultures growing on methanol. The
maximal growth rate of strain DMS1T on methanol remained
unaffected at DMS concentrations up to 20 mM (the highest
concentration tested); however, cultures containing 10 and 20
mM DMS had dramatically longer lag phases than cultures
containing 0, 2.5, and 5 mM DMS had.
Catabolic substrates. Strain DMS1T used methanol, DMS,
MT, monomethylamine, dimethylamine, and trimethylamine
for growth and methanogenesis but did not use H2-CO2 or
acetate. Strain DMS1T could not completely reduce MT or
DMS with H2. In the presence of methanol, cultures had a lag
phase of about 50 h (Fig. 5A). A prolonged lag phase that was
about 250 h long was observed when methanol-grown cells
were transferred into monomethylamine-, dimethylamine-, or
trimethylamine-containing medium (Fig. 5A). However, after
repeated transfers to media containing these substrates, the lag
phase was shortened to 50 h (Fig. 5B). The maximum growth
rates of strain DMS1T in batch cultures containing methanol
and batch cultures containing methylamines were 0.04 to 0.06
and 0.03 to 0.05 h21, respectively. Growth on MT and DMS
(maximum growth rates, 0.005 to 0.02 h21) occurred only in
batch or chemostat cultures in which DMS was added via the
N2-CO2 gas stream as described above. Degradation of DMS
was characterized by the presence of methane and MT in the
outgoing gas stream of the chemostat (Fig. 2B).
The concentration of H2S in a chemostat culture appeared
to have a dramatic impact on the conversion of DMS and MT
and thus on the formation of methane. Addition of sulfide to
either the gas stream or the reaction vessel itself (final con-
centration, 1 mM; less than 50% of the sulfide concentration
in methanol-containing culture medium) instantaneously re-
sulted in a dramatic increase in the MT concentration in the
outgoing gas, and this was followed by a complete collapse of
the formation of both MT and methane (Fig. 6A and B).
Addition of 1 ml of a similar medium that was anaerobic but
not sulfide reduced resulted in increases in both the MT con-
centration and methane production (Fig. 6C).
Although accurate stoichiometric analysis of degradation of
DMS by strain DMS1T in the chemostat appeared to be diffi-
cult, formation of methane, MT, and H2S (detected in the
outgoing gas) (Fig. 2B) indicated that DMS was probably de-
graded in a manner similar to the manner described for other
methanogens (with MT as an intermediate), as described by
the following equation:
(CH3)2S 1 H2O3 0.5CO2 1 1.5CH4 1 H2S
We were not able to estimate the stoichiometric formation of
H2S because of the formation of black sulfide precipitates with
iron and other metal ions present in the medium.
Cell suspension studies. To study the conversion of DMS by
strain DMS1T in more detail, samples of the culture fluid in the
chemostat were frequently removed and used for cell suspen-
sion experiments performed in serum bottles. In these incuba-
tion experiments, DMS was converted to MT and methane
FIG. 4. Effect of adding iron (FeCl2) on the maximum growth rates of cul-
tures of Methanomethylovorans hollandica growing on methanol.
FIG. 5. Growth curves for strain DMS1T grown on methanol (20 mM) ( n ),
monomethylamine (20 mM) (F), dimethylamine (20 mM) (), and trimethyl-
amine (20 mM) (}). (A) Cultures inoculated with a methanol-grown culture. (B)
Cultures after two transfers onto medium containing the appropriate substrate.
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(Fig. 7). Accumulation of MT was transient, and at lower DMS
concentrations MT was converted to methane. Addition of
2-[bis(2-hydroxyethyl)amino]ethanesulfonic acid (BES) com-
pletely inhibited MT and methane production from DMS. In-
cubation of DMS-grown cells from the chemostat with either
DMS or methanol resulted in immediate production of meth-
ane, whereas addition of DMS to methanol-grown cells did not
(data not shown).
In the chemostat culture, sulfide had a dramatic impact on
MT and methane formation. To determine whether this was
caused by the dynamics of methyl transfer reactions or by toxic
effects, DMS-degrading and methanol-degrading cell suspen-
sions were amended with MT or sulfide. A methanol-contain-
ing cell suspension was included as a control to check for the
toxic effects of MT and sulfide. The effects of MT and sulfide
on DMS degradation differed dramatically from the effects on
methanol degradation. Addition of MT (1.5 to 3.6 mM) to
DMS-degrading cell suspensions resulted in significant de-
creases in DMS degradation (Fig. 8B). In contrast, addition of
MT (1.5 to 3.6 mM) to the same cell suspensions amended with
methanol revealed that MT at these concentrations was not
toxic (Fig. 8C). Surprisingly, addition of MT to methanol-
containing cell suspensions stimulated both MT degradation
and methane formation (Fig. 8B and C). The MT degradation
was accompanied by a strong accumulation of DMS (Fig. 8A).
Apparent formation of DMS from MT and methanol has also
been observed in sediment slurry preparations (20).
Addition of sodium sulfide (1.2 to 2.9 mM) resulted in slight
decreases in DMS degradation and methane formation in
DMS-containing preparations only 10 h after the addition.
More MT accumulated in these preparations than in the con-
trol preparations containing DMS. Incubation of DMS-grown
cells with methanol and various concentrations of Na2S re-
vealed that like MT, sulfide was not toxic at concentrations
below 4 mM.
Phylogenetic and taxonomic analysis. Two DNA fragments
of about 1,000 and 1,350 bases long that were homologous to
the rRNA gene of strain DMS1T were amplified in vitro,
cloned in the pCR II vector and Escherichia coli, and partially
sequenced. Chimera Check analysis of the Ribosomal Data-
base Project data (22) revealed that the strain DMS1T 16S
rRNA gene sequence was derived from a single target DNA
sequence. Database searches for homologous sequences of 16S
rRNA genes of other organisms revealed that the highest sim-
ilarity value (94.5%) was obtained with the sequences of strain
DMS1T and Methanococcoides burtonii. A phylogenetic tree
based on a matrix of binary phylogenetic distances which
were calculated from the alignment of archaeal 16S rRNA
sequences clearly showed that strain DMS1T clusters within
the family Methanosarcinaceae (Fig. 9). In addition to the 16S
rRNA sequences of closely related methanogens, all known
sequences of other DMS-degrading methanogens were incor-
porated in this tree. The topology of the tree was reevaluated
by varying the positions included on the basis of the degrees of
conservation and by applying alternative treeing methods (par-
simony and bootstrap parsimony analysis).
DISCUSSION
Isolation and physiology of strain DMS1T. The newly iso-
lated methanogen strain DMS1T is the first obligately anaero-
bic archaeon which has been directly enriched and isolated
FIG. 6. Effects of adding sulfide and adding anaerobic but not sulfide-re-
duced medium on DMS degradation in chemostat cultures of strain DMS1T.
Sulfide was added either in the gas stream (A) or to the culture vessel (1 mM)
(B). Also, 1 ml of nonreduced medium was added to the culture vessel (C). The
arrows indicate when compounds were added. The concentrations of methane
(h) and MT (n ) in the effluent gas from the chemostat were determined.
FIG. 7. Conversion of DMS (}) and MT () and formation of methane (n )
in 9-ml cell suspension samples from the chemostat incubated in 60-ml serum
bottles under an N2 atmosphere after DMS was added.
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from a freshwater sediment in a defined minimal medium
containing DMS as the sole carbon and energy source. In
contrast to most previously described isolation procedures
used for saline environments (5, 8, 12, 16, 17, 23, 32) strain
DMS1T could not be obtained from dilution series of batch
enrichment cultures. Using a chemostat with a continuous
DMS-containing gas stream as a method of enrichment, fol-
lowed by cultivation in deep agar tubes, resulted in a pure
culture. The success of the continuous gas flow chemostat was
probably due to maintenance of low sulfide and MT concen-
trations in the culture, which enhanced DMS conversion (see
below). Apparently, DMS degradation by methanogens in sa-
line environments is affected less by MT accumulation and
sulfide accumulation. This may be due to the higher in situ
concentrations of these compounds which the methanogens
experience in these habitats (14, 16). Strain DMS1T occurred
as large aggregates of cell clusters that usually consisted of two
to four irregularly shaped cocci, which resembled the cocci of
Methanosarcina species. Cells of strain DMS1T do not have a
protein-containing cell wall, since the cells did not lyse after
addition of SDS (1.0 g per liter). Like all other known DMS-
degrading methanogens isolated from marine, estuarine, and
salt lake sediments, strain DMS1T disproportionated DMS to
methane, carbon dioxide, and sulfide with MT as an interme-
diate (8, 16). Strain DMS1T differs from all other DMS-de-
grading methanogens, since it was isolated from a freshwater
pond and required NaCl concentrations (0 to 0.04 M) that are
typical of the NaCl concentrations required by freshwater mi-
croorganisms for growth. Since the only substrates utilized by
strain DMS1T are methanol, methylamines, MT, and DMS,
this organism is considered an obligately methylotrophic meth-
anogen like most other DMS-degrading methanogens.
Incubation experiments performed with cell suspensions ob-
tained from chemostat cultures revealed that strain DMS1T
cannot completely reduce MT or DMS with H2, as has been
reported for methanol reduction by cultures of Methano-
sphaera stadtmanae and Methanosphaera cuniculi (2). Com-
pared to growth on methanol (growth rate, 0.04 to 0.06 h21)
FIG. 8. Conversion of DMS and MT and formation of methane by 9-ml cell suspension samples taken from the chemostat amended with methanol (A, C, and E)
or DMS (B, D, and F) and incubated in 60-ml serum bottles. Symbols: n , controls containing methanol or DMS; , samples containing methanol plus MT or DMS
plus MT; }, samples containing methanol plus Na2S or DMS plus Na2S.
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and methylamines (growth rate, 0.03 to 0.05 h21), growth on
DMS and MT was slow (growth rate, 0.005 to 0.02 h21). These
growth rates were obtained only in batch or chemostat cultures
in which DMS was supplied in a continuous gas stream. Chemo-
stat experiments revealed that accumulation of MT or sulfide
significantly affected DMS degradation. This was confirmed by
the inhibition of DMS degradation by MT observed in cell
suspension experiments (Fig. 8). Transient accumulation of
DMS in MT-containing cultures also indicated that transfer of
the first methyl group during DMS degradation is a reversible
process. This was confirmed by the formation of DMS in sus-
pensions of strain DMS1T cells containing methanol plus MT.
Transient accumulation of DMS in MT-containing cultures has
also been reported by other authors (8). Accumulation of MT
and sulfide in batch cultures makes the methyl transfer ener-
getically less favorable. This may explain the lack of success in
previous attempts to enrich DMS-degrading methanogens
from freshwater sediments.
Production of the enzymes needed for degradation of meth-
ylamines has to be induced, since inoculation of methanol-
grown cells of strain DMS1T into mono-, di-, or trimethyl-
amine-containing medium resulted in long initial lag phases
(Fig. 5). These lag phases were shorter after repeated transfers
on these substrates. Addition of methanol to DMS-grown cells
resulted in immediate formation of methane, indicating that
production of the enzymes needed for methanol conversion is
constitutive.
Phylogenetic and taxonomic analysis. In its physiological
properties, strain DMS1T resembles previously described meth-
anogenic archaea belonging to the genera Methanolobus, Meth-
anohalophilus, and Methanococcoides, the genera to which most
of the other DMS- and MT-degrading methanogens belong.
Like the methanogens belonging to these genera, strain DMS1T
is an obligate methylotroph. In contrast to all of the members
of these genera, however, strain DMS1T has the low salt
tolerance typical of nonhalophilic microorganisms. Since the
morphology of strain DMS1T resembles the morphology of
methanogens belonging to the genera Methanolobus and Meth-
anococcoides, as well as the genus Methanosarcina, a precise
phylogenetic analysis of the 16S rRNA gene of strain DMS1T
had to be performed in order to classify strain DMS1T. On the
basis of its position on the phylogenetic tree, we concluded that
strain DMS1T is clearly not related to the genus Methanosar-
cina. The results of the bootstrap analysis, as indicated by the
bootstrap values on the phylogenetic tree, revealed, however,
that the branching of the genera Methanolobus, Methanococ-
coides, and Methanohalophilus and strain DMS1T is not well
defined. A comparison of the distance between two species
belonging to one genus (e.g., Methanococcoides burtonii and
Methanococcoides methylutens) with the distance between a
species belonging to one of the three genera and strain DMS1T
clearly showed that strain DMS1T does not belong to these
genera. According to a combined analysis of both the 16S
rRNA gene and the MCRI gene (31) of methanogens, levels of
similarity of 98% or higher represent interspecies relation-
ships, whereas levels of similarity of 90 to 95% represent in-
tergeneric relationships.
On the basis of its low level of similarity with the most close-
ly related methanogen, Methanococcoides burtonii (94.5%), its
position on the phylogenetic tree, its morphology (which is
different from the morphology of members of the genera Meth-
anolobus, Methanococcoides, and Methanohalophilus), and its
salt tolerance and optimum (which are characteristic of fresh-
water bacteria), we propose that strain DMS1T is a represen-
tative of a novel genus and species. This organism was named
Methanomethylovorans hollandica.
Ecological niche of Methanomethylovorans hollandica. Like
the concentrations of MT and DMS in marine, estuarine, and
salt lake sediments, the concentrations of MT and DMS in
freshwater sediments are low due to the balance between the
formation and degradation of these compounds (18). Degra-
dation of MT and DMS occurs anaerobically due to the steep
oxygen gradient at the water column-sediment interface, which
results in anaerobic conditions in the sediment (19). Various
inhibition studies performed with the specific inhibitors BES
and sodium tungstate revealed that most (about 95%) of the
endogenously produced MT in freshwater sediments is con-
verted by methanogenic archaea (20, 40, 41). Microscopic anal-
ysis of DMS-containing sediment slurries with a fluorescence
microscope revealed the presence of methanogens which were
morphologically identical to Methanomethylovorans hollandica,
the organism described in this study. The enrichment condi-
tions used resembled the in situ conditions and therefore made
it plausible that Methanomethylovorans hollandica DMS1T is
the most important DMS and MT consumer in its natural
freshwater environment. This conclusion is supported by the
physiological properties of the organism (substrate use, low
growth rate, and iron requirement). Whether Methanomethy-
lovorans hollandica is also an important utilizer of methanol
and methylamines in situ remains to be investigated. The ob-
ligately methylotrophic archaea are able to form a stable com-
munity along with the acetoclastic and hydrogenotrophic meth-
anogens.
FIG. 9. Phylogenetic tree based on a distance matrix prepared from an align-
ment of partial 16S rRNA sequences (1,404 bases) of Methanomethylovorans
hollandica and closely related methanogens. Reference sequences were obtained
from the GenBank, EMBL, and Ribosomal Database Project databases. Meth-
anospirillum hungateii was used as the outgroup. Scale bar, 10 base substitutions
per 100 bases. The names of methanogens which are able to utilize DMS as a
carbon source are underlined.
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Due to the reversibility of the DMS conversion, methano-
gens like strain DMS1T can also be involved in the formation
of DMS through methylation of MT. This phenomenon, which
previously has been shown to occur in sediment slurries with a
freshwater origin (19), might affect the steady-state concentra-
tion and consequently the total flux of DMS (and MT) in these
systems. Moreover, stimulation of the production of MT and
DMS by high concentrations of sulfide (18) also appears to
inhibit degradation of these compounds. Therefore, higher
steady-state concentrations and fluxes of MT and DMS in
sulfide-rich freshwater systems are conceivable.
Description of Methanomethylovorans hollandica gen. nov.,
sp. nov. Methanomethylovorans hollandica (Me.tha.no.me.thy.
lo9vo.rans. M. L. n. methanum, methane; M. L. n. methylum,
methyl; L. adj. vorans, devouring; M. L. n. Methanomethylovo-
rans, methane producing, methyl group consuming; hol.lan9di.
ca. L. adj. hollandica, from The Netherlands [Holland], refer-
ring to the origin of the type strain). Cells are irregular, non-
motile, coccoid (diameter, 1 to 1.5 mm), and gram negative.
Cells normally occur in clusters consisting of two to four cells
which form large aggregates. Cells are not sensitive to lysis by
1.0 g of SDS per liter. Trimethylamine, dimethylamine, mono-
methylamine, methanol, DMS, and MT are catabolic sub-
strates, but H2-CO2 and acetate are not. Growth is most rapid
in the presence of 0 to 0.04 M NaCl, and no growth occurs at
NaCl concentrations higher than 0.4 M. Optimal growth occurs
at pH 6.5 to 7.0, and no growth occurs at pH values lower than
6.0 and higher than 8.0. Growth is most rapid at 34 to 37°C, and
very slow or no growth occurs at temperatures below 12°C and
above 40°C. Type strain DMS1 was isolated from a slurry
prepared from a eutrophic pond sediment (Campus of Dek-
kerswald Institute, Nijmegen, The Netherlands). Strain DMS1T
has been deposited in the culture collection of the Deutsche
Sammlung von Mikroorganismen (Braunschweig, Germany).
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Methanethiol (MT) and dimethyl sulfide (DMS) have shown to be the dominant volatile organic 
sulfur compounds (VOSC) in freshwater sediments. Previous research demonstrated that in these 
habitats MT and DMS are mainly derived from the methylation of sulfide. In order to identify the 
microorganisms that are responsible for this type of MT and DMS formation, several sulfide-rich 
freshwater sediments were amended with two potential methyl group donating compounds, syringate 
and 3,4,5-trimethoxybenzoate. The addition of these methoxylated aromatic compounds resulted in a 
strong accumulation of MT and DMS in all sediment slurries even without inhibition of methanogenic 
conversion of MT and DMS formed. From one of the sediment slurries tested, a novel anaerobic 
bacterium was isolated with syringate as sole carbon source. The strain, designed as 
Parasporobacterium paucivorans, produced MT and DMS from the methoxy-groups of syringate. The 
hydroxylated aromatic residue (gallate) was converted to acetate and butyrate. Like another 
methoxylated aromatic compound-degrading bacterium, Sporobacterium olearium, it also is a member 
of the XIVa cluster of the low GC Clostridiales group. However, the new isolate differs from all other 
known methoxylated aromatic compound-degrading bacteria because it was only able to degrade 
syringate in significant amounts in the presence of sulfide. In sulfide-rich systems organisms like 
Parasporobacterium paucivorans
 are likely to dominate the degradation of methoxylated aromatic 
compounds over organisms like Acetobacterium woodii. Consequently, fluxes of MT and DMS from 
freshwater systems are likely to depend on both the sulfide concentration as well as the availability of 
methyl-donating compounds, as was shown in previous studies. 
 
 
The production of dimethyl sulfide (DMS) and 
methanethiol (MT) has been intensively studied because 
of the role the oxidation products of these compounds 
(e.g. methanesulfonic acid and SO2) play in the 
processes of global warming and acid precipitation and 
in the global sulfur cycle. Several mechanisms have 
been elucidated by which DMS and MT can be formed 
in anaerobic and aerobic natural habitats (7, 16). In 
marine and estuarine systems, DMS and MT primarily 
derive from the degradation of dimethylsulfonium-
propionate (DMSP), a widespread osmolyte in marine 
macroalgae and phytoplankton (17). In freshwater 
habitats, formation of MT and DMS originates mainly 
from the methylation of sulfide (12, 18, 26) and to a 
lower extent from the degradation of sulfur-containing 
amino acids like methionine and S-methylmethionine 
(15). In many heterotrophic aerobic bacteria the 
methylation of sulfide is catalyzed by a S-
adenosylmethionine-dependent thiol methyltransferase 
(8). Since this pathway is not observed in obligately 
anaerobic bacteria (22) it will be of minor importance in 
organic-rich freshwater sediments, which generally are 
oxygen limited (27, 28). Another mechanism for MT 
and DMS formation through sulfide methylation is the 
anaerobic O-demethylation of methoxylated aromatic 
compounds (4, 12). In contrast to several acetogenic 
bacteria which transfer the methyl group of these 
methoxylated aromatic compounds to CO or CO2 (24, 
25) bacteria performing this kind of methylation use 
sulfide or MT as methyl group acceptor. In four strains 
which have been isolated, Holophaga foetida (lake 
sediment) and strain SA2 (marine sediment) (4), 
Sporobacter termitidis (now designed as Termitobacter 
aceticus) (termite gut) (10), and Sporobacterium 
olearium (anaerobic olive mill waste water treatment 
plant) (32), the O-demethylation of methoxylated 
aromatic compounds did not strictly depend on sulfide 
(or MT) as methyl group acceptor. Both H. foetida and 
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T. aceticus were also capable of O-demethylation with 
CO or CO2 as methyl group acceptor. In contrast, O-
demethylation in strain SA2 appeared to be strictly 
sulfide-dependent since no growth occurred if sulfide 
was absent and O-demethylation of syringate in cultures 
stopped if sulfide became depleted (4). Unfortunately, 
this strain was lost during the experimental study, which 
made a complete description of the isolate impossible. 
The present study reports on the impact of 
methoxylated aromatic compounds on the production of 
VOSC in freshwater sediments. Further, the isolation of 
an obligately anaerobic bacterium, which produces 
DMS and MT during growth on methoxylated aromatic 
compounds in sulfide-reduced mineral media is 
described. In contrast to H. foetida and S. termitidis, 
however, O-demethylation of methoxylated aromatic 
compounds in our isolate appears to be strictly sulfide-
dependent.  
MATERIALS AND METHODS 
Source of inoculum. Sediment samples were 
collected from an eutrophic freshwater pond (Campus of 
Dekkerswald Institute, Nijmegen, The Netherlands). The 
sediment samples were taken by suction in anaerobic 
bottles as described by Lomans et al. (26). 
Slurry incubations. Sediment slurries for slurry 
incubation experiments were prepared and dispensed in 
anaerobic bottles as described previously (26). 
Additions were made from pH neutral stock solutions 
prepared in distilled water. These additions included 
bromoethanesulfonic acid (BES), syringate and 3,4,5-
trimethoxybenzoate (TMB). The sediment slurries 
(duplicates or triplicates) were incubated in the dark 
without shaking at 30°C. Sterilized sediment slurries 
(121°C, 20 min) served as abiotic controls.  
Media and culture techniques. The defined sulfide-
reduced and bicarbonate-buffered medium described 
before (29) was supplemented with Na2SO4 to a final 
concentration of 4 g/l. The sodium sulfide was sterilized 
separately and added to the basal medium 1-2 h before 
use. Additionally, the medium was supplemented with 
small amounts of sodium dithionite from freshly 
prepared stock solutions directly before inoculation 
(final concentration of 0.08 g/l). Instead of sulfide, also 
other compounds were used as reducing agents: sodium 
thiosulfate (final concentration 0.126 g/l), cysteine-HCl 
(final concentration 0.34 g/l), sodium dithionite (final 
concentration 0.08 g/l) and titanium(III)nitrilotriacetic 
acid (Ti(III)NTA) (final concentration 0.1 mM). One ml 
of trace element solution (29) was added per liter of 
medium. After sterilization (121°C, 20 min) the medium 
was supplemented with one ml of an anaerobic sterile 
vitamin stock solution (29) per liter of medium. 
Addition of carbon sources (syringate, TMB, gallate, 
pyrogallol, pyroglucinol) (final concentration 5 mM) 
were made 1-2 h before inoculation from anaerobic 
filter-sterilized stock solutions prepared in distilled 
water and neutralized with NaOH. Enrichment cultures 
were done in an anaerobic chemostat fed with syringate 
as sole carbon source, continuously gassed with a H2S-
containing gas stream (N2/CO2 (80/20, vol/vol)). This 
was accomplished by leading the gas trough a sulfide-
containing solution. The chemostat was inoculated with 
10 % of a sediment slurry, which had been pulsed with 
syringate. Batch cultivation was carried out in either 60, 
120 or 500 ml serum bottles filled with 25, 50 or 350 ml 
of medium, respectively. The bottles were sealed with 
black butyl rubber stoppers, gassed with an O2-free 
mixture of N2/CO2 (80/20, vol/vol) and sterilized 
(121°C, 20 min). The bottles were incubated in the dark 
at 30°C. Purity was tested by growth experiments in the 
medium (with or without syringate) supplemented with 
yeast extract (0.5%) and trypticase peptone (0.5%) and 
checked by microscopy. Stock cultures were transferred 
into fresh medium once a month and stored in glass 
ampoules under N2/CO2 (80/20, vol/vol) after the 
addition of glycerol (final concentration 5 %) at -80°C. 
Determination of optimal growth conditions. 
Specific growth rates were determined by measuring the 
amount of MT and DMS formed during growth on 
syringate, which correlated very well with increase of 
optical density. The specific growth rate during 
exponential growth was analyzed by linear regression of 
the logarithm of the MT or DMS accumulated versus 
time. When the effects of culture conditions (pH, 
temperature, and salt concentrations) were tested, 
growth rates were determined using cultures adapted to 
those conditions. Cultures were transferred under these 
conditions at least two times sequentially. 
Cell suspension experiments. Conversion of 
syringate was studied with cell suspensions prepared 
from batch cultures. The culture fluid was centrifuged 
(30 min; 10,000x g) and the pellet was washed in 
anaerobic medium without syringate and reduced with 
Ti(III)NTA (0.05mM) / sodium dithionite (0.04 g/l). 
Incubations were carried out under a N2/CO2 (80/20, 
vol/vol) headspace at 35°C. Incubation was started by 
addition of syringate or syringate plus sodium sulfide. 
Cell extract incubations. To obtain enough bio-
mass, a fermentor (20 l) was inocculated with a pure 
culture. After depletion of the carbon source, the culture 
received another pulse of syringate (final concentration 
5 mM). After growth for 200 h at 30°C, cells were 
harvested by centrifugation under an N2 atmosphere 
with a Sharples continuous centrifuge (20,000x g, 
17°C). The cell pellet was resuspended in TES buffer 
(50 mM 2-[tris(hydroxymethyl)methylamino]-1-ethane-
sulfonic acid (TES), 5 mM MgCl2, 1 mM dithiothreitol 
(DTT), pH 7.0). Cells were broken by passing the 
suspension through a French pressure cell under a N2 
atmosphere at 120 MPa. The crude extract was 
centrifuged (40,000x g for 30 min at 4°C) resulting in a 
clear supernatant which was stored under N2/CO2 
(80/20, vol/vol) at -80°C. Cell extract incubations were 
done in 120 ml serum bottles with 10-100 µl crude cell 
extract, 50 mM TES buffer, 1-2 mM ATP, 5 mM 
sodium sulfide and 0.2 mM syringate adjusted to a total 
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volume of 1 ml with milliQ water. The bottles were 
prepared in an anaerobic cabinet and sealed with gray 
butyl rubber stoppers. Incubations (25°C) were started 
by addition of syringate and demethylation activity was 
followed by measuring the formation of MT. 
Analytical techniques. (i) H2S, MT, and DMS. 
Specific determination of sulfur compounds (H2S, MT 
and DMS) in gas samples of the culture and cell 
suspension incubations was done on a Packard 438A gas 
chromatograph equipped with a flame photometric 
detector and a Carbopack B HT100 (40/60 mesh) 
column as described before (6, 26). 
(ii) VFA and methanol analysis. Samples were 
analyzed for acetate, butyrate and methanol by the 
method described by Teunissen et al. 1989 (37), which 
was slightly modified. Samples were prepared by 
centrifugation of the culture sample, transferring 400 µl 
of the supernatant into a crimp seal vial and adding 50 
µl of iso-butyric acid (internal standard, final 
concentration 5.79 mM). Standard solution contained 
(final concentration): i-butyric acid (5.79 mM), acetic 
acid (20 mM), methanol (20 mM) and butyric acid (20 
mM). Direct before closing of the vials (supernatants 
and standards), 50 µl formic acid was added to acidify 
the samples. Samples of 1 µl were analyzed on a 
gaschromatograph (Hewlett-Packard HP5890 A) 
equipped with a HP INNOwax column, (30m x 0.32m x 
0.5 µm) and a FID (195°C). Column temperature was 
increased from 35 to 110°C. Analyses were performed 
in duplicate and analyzed with the Hewlett Packard 
Chemstation package (Rev A0301). 
(iii) Methoxylated and hydroxylated aromatic 
compounds. TMB, syringate and other methoxylated 
and hydroxylated aromatic compounds were analyzed by 
isocratic separation on a HPLC equipped with a Merck 
LiChrospher 100 RP-18 column and a HP1040 diode 
array detector. The flow rate of the eluent, 40 % 
(vol/vol) methanol in ammonium phosphate buffer (100 
mM, pH 2.6), was 0.5 ml/min. The column temperature 
was 25°C. 
Microscopy and photography. Transmission and 
scanning electron micrographs were made with a 
Transmission Electron Microscope (TEM) (Philips 201) 
and Cryo-FEG Scanning Electron Microscope (SEM) 
(Jeol JSM 633OF) from cells of a late-exponential 
culture. Negative staining was done with uranyl acetate 
(0.5-1%) 
Phylogenetic analysis. DNA from the pure culture 
was isolated by harvesting the cells from 6 ml culture 
fluid through centrifugation in an Eppendorf centrifuge 
(10,000x g for 5 min at room temperature). The cell 
pellet was washed two times in fresh non-reduced 
medium to remove syringate, MT, DMS and sulfide. 
The cell pellet was suspended in 0.5 ml lysis buffer (0.1 
M sodium EDTA, 0.15 M NaCl, 0.02 % lysozyme) and 
incubated for 2 h at 37°C. Sodiumdodecylsulfate (SDS) 
was added to a final concentration of 1 % and 
incubation was continued for 30 min (37°C). Proteinase 
K was added (final concentration 50 µg/ml) and the 
suspension was incubated for 30 min at 37°C. The 
solution was subjected to phenol:chloroform:isoamyl 
alcohol (25:24:1) extraction. The pellet obtained after 
ethanol precipitation of the water phase was dissolved in 
10 µl sterile distilled water and stored at -20°C. The 
DNA was used as template for PCR amplification of an 
approximately 1530-bp segment of the 16S rRNA gene 
(PCR conditions: 2.5 mM MgCl2, annealing temperature 
50°C and 35 cycles). The PCR amplification primers 
used were: pA (=19EubFOR, 5’-
GAGTTTGATCCTGGCTCAG-3’) and pH’ 
(=1522REV, 5’-AAGGAGGTGATCCAGCCGCA-3’) 
(9). 
FIG. 1. Time courses of MT and DMS from sediment 
slurries amended with either syringate (A) or TMB (B). 
Symbols: MT (squares), DMS (diamonds), slurries amended 
with BES (solid symbols) and slurries without BES (open 
symbols).  
 
 
The amplification product was ligated in the pCR 
tmII vector and transformed into E. coli cells of the TA 
Cloning Kit (TA Cloning Kit, Invitrogen). Plasmid 
DNA of clones was isolated by using the FlexiPrep Kit 
(Pharmacia P-L Biochemicals Inc.). The sequence of the 
cloned PCR product, which represented the original 16S 
rRNA sequence, was analyzed on a DNA sequencer 
(Applied Biosystems, model 373A) using the Taq 
DyeDeoxy terminator cycle sequencing method (2, 31). 
Besides the primers of the TA cloning kit (M13FOR and 
M13REV) and primers mentioned in the literature 
(reference 9: pA=19FOR, pE’=908REV, 
pH’=1522REV and reference 1: 517REV), the 
following primers were used for sequencing: 500FOR 
(5’-TGTGCCAGCAGCCGCGGTAA-3’) and 1050FOR 
(5’-GTGCATGGCTGTCGTCAGYTC-3’), 1161REV 
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(5’-TGACGTCATCCCCACCTT-3’). The primers, 
500FOR, 1050FOR and 1162REV were designed on the 
basis of published eubacterial and archaeal 16S rRNA 
sequences. The resulting sequences were assembled to 
produce a 1487-bp DNA sequence. The deduced 16S 
rRNA sequence of strain SYR1 was aligned with 
homologous 16S rRNA sequences of closely related 
members of the Eubacteria domain by using the method 
Pileup (The Dutch CMBI Center Facility, Nijmegen, 
The Netherlands). These 16S rRNA sequences were 
obtained from the GenBank/EMBL and the Ribosomal 
Database Project databases. Distance matrix trees were 
constructed by using the method of Fitch and 
Margoliash (14) and the neighbor-joining method of 
Saitou and Nei (34), in the FITCH and NEIGHBOR 
programs of the PHYLIP (version 3.4) program package 
(11). Parsimony and bootstrap parsimony analyses were 
performed using the DNAPARS and DNABOOT 
programs as implemented in the PHYLIP package. 
Accession number. The deduced, almost complete 
primary structure (1487 bp) of the 16S rRNA gene of 
strain SYR1 has been deposited at the EMBL sequence 
data base under accession number AJ272036.  
 
FIG. 2. Scanning electron micrographs of a logarithmic 
culture of strain SYR1 grown on syringate (5 mM). The 
photograph clearly shows the double rod morphology of strain 
SYR1. The bar represents 1 µm. 
RESULTS 
Slurry incubations. Previous experiments have 
demonstrated that formation of MT and DMS is 
primarily derived from methylation of sulfide (12, 18, 
26). To study this formation of MT and DMS, slurries 
prepared from sediments of various origin were 
amended with two possible methyl group donating 
compounds for sulfide-methylation, syringate and TMB. 
In contrast to the non-amended slurries in which MT 
and DMS concentrations were below the detection limit 
(< 0.3 µM), slurries amended with either syringate (0.5 
mM) or TMB (0.5 mM) all showed transient 
accumulation of DMS and traces of MT. After 
prolonged incubation (> 200 h) the accumulated DMS 
and MT disappeared. Addition of BES to syringate- or 
TMB-amended slurries resulted in a dramatic increase 
of the accumulation rate of MT and DMS reaching 
concentrations higher than 0.5 mM and 1.5 mM 
respectively (Fig. 1). In BES/syringate or BES/TMB 
amended slurries, DMS and MT did not disappear even 
after prolonged incubation. All the sediments tested 
showed similar patterns although the final concentration 
of the MT and DMS accumulated differed. In all 
incubations DMS was the major volatile organic sulfur 
compounds (VOSC) produced.  
FIG. 3. Time courses of growth of strain SYR1 on 
syringate and sulfide. Symbols: syringate (), MT (), DMS 
(), acetate () and OD660 (X). 
 
Enrichment and isolation of strain SYR1. The 
sediment of an eutrophic freshwater pond 
(Dekkerswald) was used for the isolation of anaerobic 
syringate-utilizing and DMS-producing microorganisms. 
Anaerobic medium with syringate (5 mM) as carbon and 
energy source and sodium sulfide (2.5 mM) as reducing 
agent and methyl-group acceptor (see Materials and 
Methods), was inocculated with 10 % (vol/vol) of this 
sediment. Enrichment was done in a chemostat with 
syringate as sole carbon source and flushed with a H2S-
containing N2/CO2 gas stream (80/20, vol/vol) similar as 
described for the isolation of a methanogenic isolate 
(29). In this chemostat, syringate was converted to 
acetate, MT and DMS. The use of this chemostat (D = 
0.10 h-1) resulted in a MT/DMS-producing enrichment 
consisting of one dominant morphologically distinct 
bacterium. Deep agar tube dilution series on syringate 
plus sulfide eventually led to a pure culture of a 
MT/DMS-producing anaerobic bacterium, named strain 
SYR1. Microscopic analysis of cultures grown on 
medium with or without syringate and supplemented 
with yeast extract (0.5%) and trypticase peptone (0.5%), 
revealed that the culture was free of contaminants. 
Morphology. Deep agar colonies of strain SYR1 
were white circular disks and reached a diameter of 1-2 
mm in one week while growing on syringate plus 
sulfide. Micrographs prepared with a scanning electron 
microscope revealed that the cells occur as double rods 
(Fig. 2). The average length and width of individual 
cells was 0.4 µm and 2.0 µm, respectively. Motility and 
spore formation was not observed. Cells did not lyse 
within 15 min after addition of SDS (0.1-1 %). The 
Gram stain reaction was negative. 
Catabolic substrates. Growth of strain SYR1 was 
observed only on syringate (5 mM), TMB (5 mM) and 
gallate (5 mM). Growth on syringate and TMB was 
accompanied by concomitant formation of MT and 
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DMS, whereas growth on gallate was not. Degradation 
of syringate was characterized by transient accumulation 
of MT (mostly during the logarithmic phase), directly 
followed by accumulation of DMS (Fig. 3). This 
increase of the MT and DMS concentration was 
concomitant with an increase in optical density and 
acetate concentration and a decrease in the syringate 
concentration. Cultures normally had a lag-phase of 
about 10-15 h followed by exponential growth. 
Transferring SYR1 from syringate to gallate did not 
result in a prolonged lag phase. The maximum specific 
growth rate estimated from MT and DMS formation as 
well as from optical density measurements was 0.2 h-1. 
No growth and MT/DMS formation was observed on 
3,4-dimethoxybenzoate, 3,5-dimethoxybenzoate, 
vanillate, pyrogallol, phloroglucinol, benzoate, pyruvate, 
H2/CO2, methanol, malate, fructose, glucose, pectin, and 
glycine-betaine. Concentrations used were 5 mM, except 
for methanol (10 mM), H2/CO2 (80:20 vol/vol), 
phloroglucinol (2.5 mM) and pectin (1 g/l). 
FIG. 4. Specific growth rates (determined from DMS 
formation rates) of cultures of strain SYR1 grown at various 
sulfide concentrations. 
 
Reducing agents. In cultures of strain SYR1 on 
syringate, TMB or gallate no growth was observed when 
sulfide was replaced by cysteine, thiosulfate or 
Ti(III)NTA. Cysteine, thiosulfate and Ti(III)NTA were 
not toxic since they did not inhibit growth of strain 
SYR1 when amended to sulfide-reduced cultures. 
Moreover, if sulfide was added to cysteine/Ti(III)NTA-
reduced cultures after prolonged incubation, growth was 
observed (see also Fig. 6b). Combined addition of 
sodium sulfide, cysteine, sodium thiosulfate, and 
Ti(III)NTA usually resulted in higher final MT and 
DMS concentrations in full-grown cultures. Addition of 
cysteine also resulted in a slightly higher optical density 
of the final culture (OD660: 0.184 instead of OD660: 
0.155 on 5 mM of syringate). Sulfide toxicity was tested 
by growing strain SYR1 at various sulfide 
concentrations (0.9-17 mM). DMS production rate was 
highest in cultures with 2.5 mM of sulfide, and 
decreased dramatically in cultures with higher sulfide 
concentrations (Fig. 4). 
Optimal growth conditions. Strain SYR1 grew 
optimally between pH 6.5 and 7.0. The temperature 
optimum was between 34-37°C and no growth was 
observed at temperatures above 40°C. Strain SYR1 
showed optimal growth at NaCl concentrations of 0-1.8 
g per liter (Note: standard medium already contained 4 g 
sodium sulfate per liter). MT and DMS formation 
occurred up to 8 g of NaCl per liter. 
FIG. 5. Formation of acetate (black bars) and butyrate 
(gray bars) in cultures amended with various concentrations of 
syringate. 
 
The tolerance of strain SYR1 to high concentrations 
of syringate and acetate was tested to be able to predict 
the behavior of strain SYR1 during cultivation of high 
quantities of cell biomass for biochemical studies. In 
cultures with higher concentrations of syringate, sodium 
sulfide was added in pulses (2.5 mM) to avoid both 
toxicity as well as depletion of sulfide. Strain SYR1 
showed optimal growth at syringate concentrations of 
2.5-7.5 mM. At higher concentrations (tested up to 20 
mM) growth was observed but appeared to be lower and 
less predictable. Moreover, in cultures grown with 
increasing concentrations of syringate, concentrations of 
acetate produced did not increase proportionally to the 
amount of syringate added. In addition, increasing 
amounts of butyrate were formed (Fig. 5).  
Addition of 0.05 % w/v yeast extract stimulated, but did 
not appear to be essential for growth. 
Impact of sulfide on syringate degradation. In 
batch experiments MT and DMS appeared to be higher 
in sulfide-rich culture compared to sulfide-limited 
cultures. Apparently, the conversion of the methoxy-
groups of syringate into MT and DMS, was influenced 
by the ratio of the amounts of sulfide and syringate 
present in the medium. Therefore the sulfide-
dependency of the syringate degradation was 
investigated by cultivation of strain SYR1 at sulfide-rich 
and sulfide-free conditions. 
Cultivation in excess of sulfide. During the incubation, 
cultures were pulse-wise amended with sodium sulfide 
to prevent both sulfide-limited conditions as well as 
sulfide toxicity. Under sulfide-rich conditions, syringate 
degradation resulted in the formation of large amounts 
of MT, DMS and acetate (Fig. 6a). Formation of MT, 
DMS acetate and butyrate stopped when syringate was 
depleted (90 h). The amount of butyrate was very low 
compared to amount of acetate produced (Fig. 6b). After 
complete degradation of syringate, in the presence of 
residual sulfide, MT remained in the medium. 
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FIG. 6. Time courses of volatile sulfur compounds (VSC) 
(A), syringate and volatile fatty acids (VFA) (B) of a sulfide-
rich culture of strain SYR1 and time courses of syringate and 
volatile organic sulfur compounds of a sulfide-free (C) culture 
of strain SYR1. Arrows indicate pulse-wise additions of 
sodium sulfide. Symbols: sulfide (), MT (), DMS (), 
syringate (a), acetate (c), butyrate (°). 
 
 
Cultivation in sulfide-free media. Cultures without 
sodium sulfide and with Ti(III)NTA (0.6 mM) or 
cysteine (3.4 mM) as reducing agents did not show any 
DMS formation and only a very limited syringate 
degradation (Fig. 6c). Furthermore, no increase in 
optical density was observed. Cultures amended with 
Ti(III)NTA turned yellowish. When after an incubation 
of more than 40 days sulfide was added to the 
Ti(III)NTA-reduced cultures, syringate was degraded 
with concomitant formation of DMS (Fig. 6c) and the 
yellow color disappeared. The cells in this culture 
apparently were still viable.  
Cell suspension experiments. The growth experiments 
with sulfide limitation mentioned above are likely to be 
affected by sulfur source limitation since strain SYR1 is 
strictly dependent on sulfide as sulfur source. Therefore 
cell suspension experiments were performed under 
sulfide-rich and sulfide-free (Ti(III)NTA-reduced) 
conditions in which no growth and thus no sulfur source 
is needed. Incubation of washed cell suspensions with 
and without sulfide revealed that syringate degradation 
was indeed seriously affected by the absence of sulfide. 
In cell suspensions with sulfide, syringate was 
demethylated very rapidly within 60 min with 
concomitant production of MT and DMS (Fig. 7). 
Although no sulfide was added (nor detected) in the 
sulfide-free washed cell suspensions, a limited 
degradation of syringate with concomitant MT and 
DMS formation was recorded (Fig. 7). The potential for 
demethylation of the cell suspensions without sulfide 
was not irreversibly affected since addition of sulfide 
after prolonged incubation of these cell suspensions 
resulted in an immediate production of MT, DMS and 
demethylated aromatic residues (data not shown). These 
aromatic intermediates disappeared after prolonged 
incubation. 
FIG. 7. Time courses of cell suspensions incubated under 
sulfide-rich (solid symbols) and sulfide-free (open symbols) 
conditions. Symbols: syringate (triangles) and methyl groups 
(MT + DMS, diamonds). 
 
 
Since sulfide appeared to be essential for the 
degradation of syringate, the Ks for sulfide of strain 
SYR1 was determined by measuring the initial MT 
formation rate of cell suspensions incubated with 
various concentrations of sulfide (added as sodium 
sulfide). The KS of strain SYR1 for sulfide was in the 
order of 200-400 µM. 
Biochemistry of demethylation of methoxylated 
aromatic compounds by strain SYR1. To elucidate the 
biochemistry of the demethylation of syringate 
anaerobic degradation studies with crude cell extract of 
strain SYR1 were performed. The influence of the 
temperature on the demethylation activity was tested by 
the incubation of cell extract at various temperatures (20 
- 40°C). Maximum demethylation activity, measured as 
the MT formed, was found at 25°C. 
The oxygen sensitivity of the enzymatic system for 
demethylation was tested by pre-incubating the cell 
extract under an air atmosphere in the absence and 
presence of ATP. Subsequently, MT formation capacity 
was measured under an anaerobic atmosphere. MT 
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formation capacity of the cell extracts pre-incubated 
under air appeared to be dramatically lower than that of 
the control and was not restored by the addition of ATP 
either before of after the exposure to air atmosphere 
(oxygen) (Table 1). From addition of various amounts of 
ATP to assay incubations it became evident that the 
enzymatic formation of MT was strictly ATP dependent 
(optimum at [ATP] = 2 mM). Addition of both glucose 
and hexokinase during the incubation significantly 
inhibited the MT formation. Addition of propyljodide, a 
known inhibitor of corronoid-dependent methyl-
transferases, did not affect the MT formation by the cell 
extract. Doubling the amount of cell extract in the assay 
resulted in proportionally increased MT formation rates. 
Activity screening of fractions obtained by FPLC 
gelfiltration, demonstrated that all the activity resided in 
only one fraction with a molecular weight of about 200 
kDa. MT formation was found after addition of the 
following substrates; 3,4-dimethoxybenzoate, 3,4,5-
trimethoxybenzoate (TMB), 4-hydroxy, 3-methoxy-
benzoate (vanillate), 4-hydroxy, 3,5-dimethoxybenzoate 
(syringate). No MT formation was found after addition 
of 3,5-dimethoxybenzoate. 
 
TABLE 1. MT formation rates of cell extracts after pre-
incubation under a nitrogen or an air atmosphere (with 
or without addition of ATP). 
 
Pre-incubation and 
addition 
Maximum MT production ratea 
(pmol • min-1 • µl cell extract-1) 
Air plus ATP 15 
Air without ATP 38 
Nitrogen without ATP 258 
 
a
 Activity assays were performed with 5 mM Na2S, 100 
µl 10 times diluted cell extract, 1 mM ATP and 0.045 
mM of syringate. 
 
Phylogenetic and taxonomic analysis. A 1530 bp 
DNA fragment homologous to the rRNA gene of strain 
SYR1, was amplified in vitro, cloned in the pCR tmII 
vector, transformed in E. coli and sequenced. Chimera 
Check analysis of the Ribosomal Database Project (30) 
revealed that the sequence was indeed derived of a 
single target DNA sequence. Database searches for 
homologous sequences of the 16S rRNA gene of other 
organisms revealed that the highest similarity value 
(91.8 %) was found for the sequences of strain SYR1 
and that of Sporobacterium olearium. A phylogenetic 
tree based on a matrix of distances of 1378 bp fragment 
of the 16S rRNA gene, clearly shows that strain SYR1 
clusters within the subclass XIVa of the very 
polymorphic Clostridiales (Fig. 8). Besides 16S rRNA 
sequences of closely related microorganisms several 
other methoxylated aromatic compound degrading 
bacteria, including H. foetida and T. aceticus are 
incorporated in this tree. 
DISCUSSION 
Isolation and physiology of strain SYR1. The in 
situ concentrations of the most dominant VOSC, MT 
and DMS, showed strong correlation with the rate of 
methane formation and the sulfide concentration of the 
sediment, the dominant compartment in VOSC 
formation of freshwater ecosystems (26). Incubation 
experiments with slurries amended with various amounts 
of sulfide demonstrated that methylation of sulfide was 
the major mechanism for VOSC formation in freshwater 
sediments. The correlation with the methane formation 
probably reflects the degradability of the organic matter 
in the sediment and thereby the supply of methyl-
donating compounds for the methylation of sulfide. 
Methoxylated aromatic compounds are an important 
potential sources for MT and DMS formation in 
freshwater sediments since these are degradation 
products of one of the most abundant biopolymers on 
earth, lignin (12, 18, 26). 
The addition of syringate or TMB as potential 
sources for MT and DMS to slurries prepared from 
various freshwater sediments, which immediately 
resulted in elevated levels of DMS, revealed that a large 
and active population of bacteria is present, which 
degrade these aromatic compounds using sulfide as 
methyl-group acceptor. Similar findings for freshwater 
sediments were also found in other studies (12, 18). 
Comparison of the lag phases for MT and DMS 
formation after syringate addition to marine sediments 
(about 75 h) (12) with those of freshwater sediments 
(about 20 h) (12, this study) indicates that these 
methoxylated aromatic compounds are likely to be more 
important precursors for VOSC formation in freshwater 
habitats. 
The low steady state MT and DMS concentrations (< 
0.3 µM) in slurry incubations clearly demonstrate that 
the formation and degradation of these VOSC is well 
balanced in situ. The degradation of MT and DMS in 
non-amended as well as syringate/TMB-amended 
slurries, indicates that also an active population of 
MT/DMS-degrading methanogens is present. A 
representative methanogen, Methanomethylovorans 
hollandica, was previously isolated (29). The transient 
accumulation of MT and DMS in the slurry experiments 
confirms the interaction between syringate-degrading 
and methanogenic bacteria in which sulfide in fact acts 
as a methyl-group carrier as was already proposed by 
Finster et al. (12, 13). 
From one of the sediments tested an anaerobic 
bacterium was isolated with syringate as sole carbon 
source. The isolated strain SYR1 has a very limited 
substrate spectrum being only capable of anaerobic 
growth on syringate, TMB and gallate as sole carbon 
and energy source. The fact that the production of MT 
and DMS was restricted to growth on syringate or TMB 
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with sulfide (absent with gallate plus sulfide) 
demonstrates that the carbon atoms in the produced MT 
and DMS are derived from the methoxy-groups of 
syringate or TMB as is the case for the previously 
described isolates strain SA2 , H. foetida, T. aceticus, 
and S. olearium (4, 10, 32) The sulfur atom in the 
produced MT and DMS is clearly derived from sulfide 
added as reducing agent since formation of MT and 
DMS during growth in the cultures coincided with a 
depletion of sulfide. Similar to H. foetida and SA2, 
strain SYR1 is likely to degrade syringate via O-
demethylation of the methoxy-groups since the strain 
does not grow on methanol. In contrast to H. foetida 
however, strain SYR1 does not grow on TMB, syringate 
or gallate without the addition of sulfide even if 
alternative reducing agents were added (4). Culture 
experiments with different sulfur sources revealed that 
strain SYR1 was strictly dependent on sulfide for 
growth and was not able to use cysteine, thiosulfate or 
sulfate as alternative sulfur source. 
 
FIG. 8. Phylogenetic tree based on a distance matrix prepared 
from an alignment of a partial 16S rRNA sequences (1378 bp) 
of Parasporobacterium paucivorans and other selected, 
closely related bacteria. The reference sequences were taken 
from the GenBank and EMBL databases. Sporobacter 
termitidis  was used as the outgroup. Scale bar  = 10 base 
substitutions per 100 bases. Names of MT or DMS-producing 
microorganisms are underlined. 
Both culture as well as cell suspension experiments 
revealed that significant syringate degradation occurred 
only in the presence of sulfide with concomitant 
formation of MT and DMS. These results therefore 
suggest that the demethylation of methoxylated aromatic 
compounds by strain SYR1 is likely to be sulfide-
dependent as was proposed for strain SA2. In the case of 
the sulfide-dependent syringate degradation of strain 
SA2, it could not be excluded that its activity was 
affected by the lack of reducing agent or sulfur source. 
Since limited syringate degradation was recorded even 
under sulfide-free conditions it is, at this stage not 
possible to exclude the possibility that strain SYR1 is 
also capable of limited demethylation without sulfide as 
methyl-group acceptor. Moreover, depletion or the 
absence of sulfide seriously affected also the formation 
of acetate and butyrate.  
Summarizing, strain SA2, H. foetida, T. aceticus and 
strain SYR1 differ with respect to their need for sulfide. 
H. foetida and T. aceticus are not limited to the use of 
sulfide neither as methyl-group acceptor nor as sulfur 
source. In the absence of sulfide these organisms use 
CO, derived from CO2, as methyl group acceptor. Strain 
SA2 is strictly dependent on sulfide only for the 
demethylation of methoxylated aromatic compounds but 
does not need sulfide as sulfur source, since it was 
capable of growth on gallate without sulfide. Finally, 
strain SYR1, which is likely to be dependent on sulfide 
for both the demethylation of methoxylated aromatic 
compounds as well as for sulfur source. The impact of 
sulfide-limitation on syringate degradation or as sulfur 
source of the other isolate S. olearium, was not reported 
(32). 
The transient accumulation of MT in cultures of 
strain SYR1 demonstrates that DMS is formed via MT 
as intermediate. With this respect strain SYR1 differs 
from the closely related S. olearium, which only 
produces MT from the methoxy-groups of syringate.  
The use of MT or sulfide as methyl-group acceptor is 
likely to depend on the actual concentration of either of 
the two compounds since MT formation was higher in 
sulfide-rich cultures whereas DMS was the dominant 
product at sulfide-limited conditions. The KS value for 
sulfide of strain SYR1 (KS : 200-400 µM) was in the 
same order of magnitude as that found for the freshwater 
sediment from which it had been isolated (26). 
In contrast to H. foetida and strain SA2, which were 
obtained by MPN series, strain SYR1 was isolated using 
the chemostat as enrichment procedure without direct 
dilution series. The difference in the isolation procedure 
is reflected in the fact that the isolate, strain SYR1, has a 
higher maximum specific growth rate (µmax : 0.2 h-1) 
than is the case for H. foetida (0.06 h-1), strain SA2 
(0.10 h-1) and T. aceticus (0.05 h-1) (4, 10). The 
maximum specific growth rate of strain S. olearium has 
not been reported (32). 
Biochemical analysis of a cell free-extract of strain 
SYR1 revealed that several methoxylated aromatic 
compounds, which do not support growth, were also 
0.1
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demethylated. This lack of growth might be caused by 
the absence of the appropriate transport mechanism for 
these compounds. Moreover, it was demonstrated that 
the demethylating-enzyme system was ATP-dependent 
and oxygen-sensitive, making MT/DMS synthesis a 
strictly anaerobic process as was the case for H. foetida 
(19, 20). The absence of inhibition by propyljodide 
revealed that the enzyme systems of strain SYR1 is 
likely to be corronoid-independent. 
Phylogenetic and taxonomic analysis. By its 
position in the phylogenetic tree strain SYR1 appeared 
to be a member of the cluster XIVa of the genus 
Clostridiales (5). Phylogenetically, strain SYR1 
appeared to be most closely related to S. olearium, 
however, there are numerous physiological differences 
between the two isolates. Strain SYR1 has a very limited 
substrate range whereas S. olearium could use a wide 
variety of substrates. Moreover, strain SYR1 did not 
produce spores whereas S. olearium did. Gram staining 
of S. olearium was positive whereas that of strain SYR1 
was negative. Finally, our isolate produces both MT and 
DMS from methoxy-groups of syringate whereas S. 
olearium produced MT only. Also the syringate 
metabolism of strain SYR1 did not appear to be 
influenced by the presence of H2 in the culture like that 
of S. olearium (32).  
In contrast to most of the other closely related 
organisms of the genera Clostridium, Eubacterium and 
Ruminococcus, both strain SYR1 and S. olearium could 
not utilize common carbohydrates (e.g. glucose, 
fructose) as carbon and energy source. Remarkably, the 
feature of (methoxylated) aromatic compound 
metabolism is distributed amoung various genera: 
H. foetida, Acetobacterium woodii, Pelobacter 
acidigallici, T. aceticus, S. olearium, Eubacterium 
oxidoreducens, Clostridium methoxybenzovorans, strain 
SS1, and Sporomusa ovata (3, 4, 10, 21, 23, 24, 25, 32, 
33, 35, 36). 
By its low 16S rRNA sequence similarity with the 
closest related bacterium, S. olearium (91.8%) as well as 
to its physiological properties, we propose that strain 
SYR1 is a representative of a novel genus. The isolate 
was named, Parasporobacterium paucivorans. 
Ecological niche of Parasporobacterium paucivo-
rans. Like in marine, estuarine and salt lake sediments, 
concentrations of MT and DMS in freshwater sediments 
are low due to the balance between the formation and 
production of these compounds (26). Production of MT 
and DMS occurs mainly anaerobically because of the 
steep oxygen gradient at the water column/sediment 
interface, which results in anaerobic conditions in the 
sediment (27, 28). Various addition experiments 
(syringate and TMB) and inhibition studies with the 
specific inhibitors (BES and sodium tungstate), revealed 
that the major part of the endogenous produced MT and 
DMS is produced by means of the methylation of sulfide 
and subsequently MT (18, 26). According to its 
physiological properties (metabolism of VOSC 
production and apparent Ks for sulfide), Parasporo-
bacterium paucivorans strain SYR1 is likely to be 
responsible for the production of MT and DMS in 
freshwater sediments in situ.  
Considering the impact of sulfide on the 
metabolisms of the various strains like SYR1, 
H. foetida, T. aceticus and strain SA2, it is likely that in 
sediments with a low sulfide concentration syringate is 
primarily degraded to acetate and butyrate, whereas in 
sulfide-rich sediments it is likely to be degraded to MT, 
DMS and acetate. This correlates well with previous 
findings, which demonstrated that production of MT and 
DMS (the most dominant VOSC in freshwater 
sediments) was clearly affected by the sulfide 
concentration in the sediment (26). Although more 
research is necessary to elucidate which type of bacteria 
would flourish under various conditions, it is 
conceivable that the degradation of methoxylated 
aromatic compounds in sulfide-poor sediments is likely 
to be dominated by acetate-producing bacteria such as 
A. woodii whereas in sulfide-rich sediment MT/DMS-
producing organisms like Parasporobacterium pauci-
vorans will dominate. In sediments with alternating 
conditions (sulfide-rich and sulfide-poor) bacteria like 
H. foetida and T. aceticus will be in advantage 
compared to the other organisms. The results of this 
study therefore confirm the hypothesis that the inlet of 
sulfate-rich river water resulting in enhanced sulfate 
reduction and consequently higher in situ sulfide 
concentrations are likely to result in higher fluxes of MT 
and DMS from these systems (26). 
Description of Parasporobacterium paucivorans 
gen. nov. sp. nov. Parasporobacterium paucivorans 
strain SYR1T (Gr. prefix  para = besides, next to; next to 
Sporobacterium, paucivorans referring to its limited 
substrate range), double rod-shaped cells (length 1.5-2 
µm width 0.3-0.5 µm) which exhibit a Gram-negative 
reaction. Cells normally occur as double rods. Cells 
were not sensitive to lysis by 0.1 g SDS per liter. 
Syringate, TMB and gallate are catabolic substrates. 
Sulfide is essential for growth and demethylation of 
methoxylated aromatic compounds. Growth was most 
rapid at 0-1.8 g of NaCl, some MT and DMS formation 
occurred up to concentrations of 8 g of NaCl. Growth is 
most rapid at pH 6.5-7.0. Growth is most rapid at 34 to 
37°C, and no growth was obtained at temperatures 
above 40°C. The type strain SYR1 was isolated from a 
slurry of an eutrophic lake sediment (Campus of 
Dekkerswald Institute Nijmegen, The Netherlands). 
Strain SYR1, named P. paucivorans has been deposited 
to the DSMZ culture collection (Braunschweig, 
Germany). 
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Microbial cycling of two important volatile organic sulfur compounds (VOSC), methanethiol (MT) and 
dimethyl sulfide (DMS), has been intensively studied. Although several MT/DMS producing and 
degrading microorganisms have been isolated from various habitats, little is known about the numbers of 
these microorganisms in situ. This study reports on the identification and quantification of 
microorganisms involved in the cycling of MT and DMS in freshwater sediments. Sediment incubation 
studies revealed that the formation of MT and DMS is well balanced with its degradation. MT formation 
appeared to be methyl group limited in sulfide-rich sediments only, indicating that MT formation depends 
on the concentrations of both sulfide and methyl group-donating compounds. Most of the positive high 
dilutions of MPN series on syringate showed MT and DMS formation indicating that methylation of 
sulfide with methyl groups derived from syringate is a commonly occurring process in situ. MT appeared 
to be primarily degraded by methanogenic Archaea, which were found in the highest positive dilutions on 
mixed substrates (methanol, trimethylamine and DMS) as well as on series with only DMS. The 
methanogens obtained were all obligately methylotrophic. Amplified Ribosomal DNA Restriction Analysis 
(ARDRA) and 16S rRNA gene sequence analysis of the total DNA isolated from the sediments and of the 
DNA isolated from the highest positive dilutions of the MPN series (mixed substrates) revealed that the 
methanogens that are responsible for the degradation of MT, DMS, methanol and TMA in situ, are all 
phylogenetically closely related to the recently isolated Methanomethylovorans hollandica. This was 
confirmed by sequence analysis of the product obtained from a nested PCR developed for the selective 
amplification of the 16S rRNA gene from Mm. hollandica. Data from sediment incubations, MPN series 
and ARDRA correlated well, showing high MPN counts and high intensity of ARDRA band patterns for 
sediments with high endogenous fluxes of MT and DMS. The unique combination of sediment incubation 
experiments, MPN series and molecular genetic detection provides convincing evidence showing that the 
suggested mechanisms for MT and DMS cycling and the recently isolated DMS-degrading methanogen, 
Mm. hollandica, are indeed commonly occurring in freshwater sediments. 
 
 
The cycling of dimethyl sulfide (DMS) and 
methanethiol (MT) has been intensively studied due to 
the impact the oxidation products of these compounds 
(e.g. methanesulfonic acid and SO2) have on the 
processes of global warming, acid precipitation and 
the global sulfur cycle (1, 4, 25). Previous research 
revealed that MT and DMS were the dominant 
volatile organic sulfur compounds (VOSC) in 
freshwater sediments and water columns (20). Fluxes 
of MT and DMS from these freshwater systems to the 
atmosphere depend on the steady state concentrations 
of these compounds in the sediment and water surface 
layers. These steady state concentrations are the result 
of biological (and chemical) production and 
degradation. Various studies reported that microbial 
production and degradation of these VOSC in 
freshwater, marine, estuarine and salt lake sediments 
are relatively well balanced (15-18, 20-24). This 
balance is clearly the result of a well-tuned bacterial 
population and activity consisting of both MT/DMS 
producing and consuming bacteria. 
In anaerobic freshwater sediments, formation of 
MT and DMS has been demonstrated to occur mainly 
by methylation of sulfide (8, 20-24) and to a lower 
extent by the degradation of sulfur-containing amino 
acids like, methionine and S-methylmethionine (13, 
34, 35, 38). Several organisms capable of anaerobic 
sulfide methylation during degradation of 
methoxylated aromatic compounds have been isolated 
and characterized (3, 11, 24, 29, 30). 
Degradation of MT and DMS in freshwater 
sediments has been ascribed primarily to 
methanogenic activity (20-23, 38, 39). The impact the 
sulfate concentration has on the degradation of MT 
and DMS indicated, however, that sulfate-reducing 
bacteria are also likely to be involved in VOSC 
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degradation especially in sulfate-rich freshwater 
sediments (22). Recently, a methanogenic Archaeon, 
Methanomethylovorans hollandica, was isolated from 
a freshwater sediment with DMS as carbon and energy 
source (23). 
Although various bacteria and Archaea involved in 
the cycling of MT and DMS have been isolated from 
various habitats, little is known about the composition 
of the sulfur-cycling microbial communities in these 
ecosystems. Van der Maarel and Hansen (36) 
demonstrated (by MPN series) that a significant 
population of MT/DMS degrading methanogens (0.3-
11 x 106 cells per g dry weight) was present in 
estuarine sediments. The highest positive dilutions 
with methanol as substrate contained regular cocci as 
well as irregular cocci, whereas the highest positive 
dilutions on DMS or trimethylamine (TMA) contained 
only irregular cocci. Similar MPN counts with TMA, 
acetate or H2-CO2 as substrate have been performed 
for salt marsh sediment samples (10). From this study 
it was concluded that methanogens made up only a 
minor part of the total bacterial population (0.5-1 %) 
and that the methanogenic population was composed 
of at least three groups of nearly equal size. One 
group was represented by cocci that were able to 
utilize TMA but were unable to use H2 or acetate. The 
second group (mainly rods and plate-shaped) 
consisted of methanogens which utilized H2 but not 
TMA or acetate. There was also a population of 
Methanosarcina-like Archaea present, which could 
utilize TMA, acetate and H2. In both studies no clear 
seasonal pattern of the numbers of methanogens was 
found. To our knowledge no data concerning the 
numbers of bacteria and Archaea involved in this 
cycling of MT/DMS in freshwater sediments have 
described in the literature. 
In this paper, a survey is given of the microbial 
flora involved in VOSC metabolism in a number of 
freshwater sediments. Sediment slurry incubations 
were performed to study the endogenous activity of 
MT/DMS cycling with special emphasis on 
methanogenic degradation. The number of bacteria or 
Archaea involved was estimated by Most Probable 
Number (MPN) series. Finally the identity of the 
MT/DMS degrading methanogenic population was 
investigated by Amplified Ribosomal DNA 
Restriction Analysis (ARDRA), nested PCR and 
sequence analysis. 
MATERIALS AND METHODS 
Source of inocula. Sediment samples were 
collected from various freshwater systems in The 
Netherlands. The sediment samples were transferred 
by suction to anaerobic bottles as described previously 
(20). The sampling and dispensing of the sediment 
slurries was done with new and sterilized equipment 
to avoid cross contamination of the samples in the 
MPN counting and ARDRA. The sediment slurries 
collected were used for sediment incubation 
experiments, MPN series and molecular detection of 
DMS producing and degrading microorganisms as 
indicated in the scheme (Fig. 1). 
 
FIG. 1. Scheme showing the treatment and various 
analyses performed with the 10 freshwater sediments. 
 
 
The origin and several important characteristics 
determined for all sediments slurries (e.g. 
concentrations of total sulfur, free iron (ferric plus 
ferrous), phosphorus, manganese, and H2S are given 
in Table 1. After flushing of the porewater for 15 min 
to remove the H2S present, analyses were done as 
described by Roelofs (32) and Lomans et al. (20). 
Since H2S has been removed and organic sulfur 
concentrations are expected to be low, values for total 
sulfur reflect sulfate concentrations. 
Slurry incubations. Sediment slurries for 
incubation experiments were prepared and dispensed 
in anaerobic bottles as described previously (20). 
Additions were made from pH neutral stock solutions 
prepared in distilled water. These additions included 
bromoethanesulfonic acid (BES, final concentration 
2.5 mM), sodium tungstate (final concentration 2.0 
mM), and syringate (final concentration 0.1 mM). The 
sediment slurries (duplicates or triplicates) were 
incubated in the dark without shaking at 30°C. 
Sterilized sediment slurries (121°C, 20 min) served as 
abiotic controls. 
Methane formation rates were determined from 
control slurries. In control slurries VOSC 
concentrations were mostly below the detection limit, 
therefore endogenous formation rates of MT/DMS 
and the enhancement of it under conditions without 
limitation of methyl group donor were determined 
from BES (or BES plus tungstate) and BES plus 
syringate amended slurries, respectively. 
MPN counting. The number of bacteria involved 
in the cycling of MT and DMS were determined by 
MPN series. Before the survey of various sediments, 
the protocol for disruption of bacterial aggregates was 
optimized. Three different methods were tested: i) 
Sediment sample
Slurry incubations
Production rates
MPN series Total DNA extraction
Sequence analysis
Phylogenetic analysis
Nested PCR
± 450 bp
ARDRADNA extraction
From highest 
positive dilution on 
mixed substrates
ARDRA
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mixing on a vortex for 2 min, mixing with a Ultra-
Turrax for 2 min (under N2 atmosphere), inoculation 
of the tubes. ii) similar to i) but with addition of 5 mM 
of pyrophosphate and incubation for 100 min before 
mixing with the Ultra-Turrax. iii) mixing on a vortex 
for 2 min, mixing with a Waring blender for 2 min 
(under N2 atmosphere), inoculation of the tubes. Test 
samples with Bruuk sediment demonstrated that all 
protocols gave similar results (data not shown). Since 
the different procedures did not seem to have a 
negative effect on the MPN estimations and the fact 
that sediment slurries might differ with respect to the 
degree (and strength) of aggregation, protocol ii) was 
used for the disruption of aggregates. 
Since degradation of methoxylated aromatic 
compounds has been shown to result in the formation 
of VOSC in freshwater sediments, the dominant 
microorganisms involved in the degradation of these 
compound were studied by MPN series with anaerobic 
medium supplemented with syringate. A similar 
procedure resulted in the isolation of a DMS-
producing bacterium, Parasporobacterium pauci-
vorans, from a freshwater sediment (24). Screening 
for positive dilutions was done by measurement of 
MT/DMS production and turbidity. Positive dilutions 
(determined by turbidity) were amended again with 
H2S, syringate and BES to avoid methanogenesis from 
MT and DMS, and thereby facilitating the detection of 
VOSC accumulation. The type and number of the 
MT/DMS consuming bacteria was determined by 
MPN series with the anaerobic medium described by 
Widdel and Bak (37) supplemented with DMS as was 
used for isolation of Methanomethylovorans 
hollandica (23). Analysis of the type and number of 
anaerobic methylotrophic bacteria was done by MPN 
series with the same medium supplemented with 
methanol, TMA and DMS. Screening of the highest 
positive dilution was done by the measurement of 
MT/DMS disappearance, methane formation and 
turbidity. The MPN numbers were estimated using the 
tables of De Man (5) 
Amplified Ribosomal DNA Restriction Analysis 
(ARDRA). The presence of Mm. hollandica-like 
organisms was determined by molecular analysis of 
the total DNA isolated from the sediment slurries 
using PCR-primers specific for the amplification of 
the 16S rRNA gene of Archaea, followed by 
restriction analysis with the restriction enzyme 
HindIII. After gel electrophoresis this procedure 
resulted in a Mm. hollandica specific band pattern. 
The procedure to isolate the total DNA of the 
sediment slurry was optimized for the detection of 
Mm. hollandica-like methanogenic bacteria such that 
maximum quantity of high molecular DNA was 
obtained from the cells added. This was done by 
treating a sterilized sediment slurry (15 min, 115°C) 
with DNase (to remove all the DNA present in the 
sediment) followed by a second sterilization of the 
slurry (to destroy all DNase activity) and addition of 
cells from a pure culture of Mm. hollandica. The 
optimized method was as follows: 
A sample of sediment slurry is subjected to 
centrifugation (15 min; 10,000x g). Of the resulting 
pellet, 0.5 g is transferred into a Eppendorf cup with 
screw cap, 1 ml of sodium phosphate buffer (120 mM, 
pH 8.0) is added and the suspension is mixed on a 
vortex. This suspension is frozen at -70°C (in a 
mixture of dry-ice and ethanol) and thawed for 2 min 
at 65°C. This procedure is repeated twice. Then 100 
µl of a freshly prepared lysozyme solution (50 mg/ml) 
is added and the suspension is mixed on a vortex and 
incubated for 60 min at 37°C (mixing every 15 min). 
After the addition of 240 µl 10% sodium 
dodecylsulfate (SDS), the suspension is mixed on a 
vortex and incubated for 10 min at 60°C. From this 
mixture, 1 ml is transferred to a screw cap Eppendorf 
cup (2 ml) and 1 g of glass beads (Ø 0.1 mm) is 
added. The suspension with glass beads is shaken in a 
bead-beater (3 times 30 s). The mixture is cooled on 
ice. The supernatant obtained after centrifugation of 
the mixture is transferred to a new Eppendorf cup and 
the pellet is resuspended in 500 µl of sodium 
phosphate buffer (120 mM, pH 8.0). After vortexing 
and centrifugation, this second supernatant is pooled 
with the first. The pool of supernatants is then 
extracted for 10 min with an equal volume of phenol 
(pH 8.0). The water phase obtained after 
centrifugation of the phenol/supernatant mixture is 
extracted twice with an equal volume of 
chloroform/isoamylalcohol (24:1). The DNA in this 
water phase is precipitated by adding two volumes of 
cold ethanol (96%) (overnight incubation at -20°). 
The precipitated DNA is pelleted by centrifugation 
(15 min; 10,000x g, 4°C), washed in 70% ethanol, 
dried, and dissolved in 100 Tris-HCl/EDTA (TE) 
buffer (pH 8.0). The DNA solution was purified by 
incubating 20 µl of this extract amended with 1 µl 
RNase stock solution (10 µg/µl) for 15 min at 37°C). 
Then 250 µl of Sepha-glass bead suspension of the 
FlexiPrep Kit (Pharmacia P-L Biochemicals Inc.) was 
added. The mixture was mixed and incubated for 1 
min at RT. The glass beads with the bound DNA are 
pelleted by centrifugation (30 s; 10,000x g) and 
washed two times in 200 µl of washing buffer of the 
FlexiPrep Kit (Pharmacia P-L Biochemicals Inc.) and 
finally once in 300 µl of 70% ethanol. After the 
removal of the ethanol the glass bead/DNA pellet is 
dried for 10 min. To dissolve the DNA attached to the 
glass beads, 50 µl of distilled water is added. Glass 
beads must be removed by centrifugation before 
freezing the purified DNA samples at -20°C for 
storage. 
Dilutions (100-1000 times) of the DNA samples 
were used as a template for PCR amplification of an 
approximately 874 bp PCR product of the 16S rRNA 
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gene (PCR conditions: [Mg2+]=2.5 mM, annealing 
temperature = 50°C and 35 cycles). The primers used 
for amplification were: 1AFOR (5’-
TCYG(G/T)TTGATCCYG(G/C)CRGAG-3’) and 
ARC915 (5’-GTGCTCCCCCGCCAATTCCT -3’) 
(31). PCR reactions were performed in the presence of 
BSA (final concentration 400 ng/µl PCR mix) to 
avoid inhibition of Taq polymerase (19). A highly 
specific ARDRA band pattern could be obtained by 
HindIII digestion of the PCR product (see results). 
Similar ARDRA were also performed with the 
DNA isolated from the highest positive dilutions from 
the MPN series with mixed substrates (methanol, 
TMA and DMS). 
Nested PCR. On basis of the known 16S rRNA 
sequence of Mm. hollandica strain DMS1, a strain 
specific primer was designed, DMS1 209 (5’-
ACCGTGGTCGAAAGCTTTT-3’) (Fig. 2). A nested 
PCR on the PCR product of the amplification with 
1AFOR and ARC 915 (see above), using primer 
DMS1 209 and a primer specific for the genera within 
the order of Methanosarcinacaea, MSMX860 (31), 
was performed under conditions (PCR conditions: 
[Mg2+]=4.5 mM, annealing temperature = 69°C and 
35 cycles) which result in the amplification of the 16S 
rRNA gene of Mm. hollandica only, generating a 
specific PCR product of 645 bp. The strain specificity 
of nested PCR was optimized in a similar way as the 
ARDRA mentioned above, using DNA samples 
isolated from a mixture of Mm. hollandica and Ms. 
barkerii cells added to sterile and DNA-free sediment. 
After the nested PCR, the product was subjected to 
gelelectrophoresis (PAGE) and cloned in a TA 
cloning vector. 
Sequence analysis. Partial 16S rRNA sequences 
of the highest positive dilutions of the MPN series of 
all sediments were determined by isolating the DNA 
from these tubes followed by PCR resulting in a 874 
bp PCR product (PCR primers: 1AFORMS (5’-
TCTGGTTGATCCTGCCAGAG-3’) and ARC915; 
PCR conditions: [Mg2+]=2.5 mM, annealing 
temperature = 50°C and 35 cycles ). The sequence 
was determined using the Taq DyeDeoxy terminator 
cycle sequencing method (2, 28) on a DNA sequencer 
(Applied Biosystems, model 373A). Sequence 
analysis of the PCR products from the nested PCR on 
total DNA samples of the sediments was determined 
in a similar way. 
Phylogenetic analysis. The resulting sequences 
were aligned with homologous 16S rRNA sequences 
of closely microorganisms (as indicated by BLASTN 
and FASTA database searches) by using the method 
Pileup (The Dutch CMBI Facility, Nijmegen, The 
Netherlands). These 16S rRNA sequences were 
obtained from the GenBank/EMBL and the 
Ribosomal Database Project databases. Distance 
matrix trees were constructed by using the method of 
Fitch and Margoliash (9) and the neighbor-joining 
method of Saitou and Nei (33), in the FITCH and 
NEIGHBOR programs of the PHYLIP (version 3.4) 
program package (7). Parsimony and bootstrap 
parsimony analyses were performed using the 
DNAPARS and DNABOOT programs as 
implemented in the PHYLIP package. 
Analytical techniques. (i) H2S, MT, and DMS. 
Specific determination of sulfur compounds (H2S, MT 
and DMS) in gas samples of the sediment slurries and 
MPN tubes was done on a Packard 438A gas 
chromatograph equipped with a flame photometric 
detector and a Carbopack B HT100 (40/60 mesh) 
column as described by Derikx et al. (6) and Lomans 
et al. (20). 
(ii) Methane, MT and DMS. Gas samples (0.5-
1.0 ml) taken from the incubation bottles and MPN 
tubes with pressure-lock syringes were analyzed for 
methane, MT and DMS on a Hewlett Packard (5890) 
gas chromatograph equipped with a flame ionization 
detector and a Porapak Q (80/100 mesh) column (12, 
20). 
Accession numbers. The 16S rRNA sequences 
used for phylogenetic analysis have the following 
EMBL/GenBank/RDP accession numbers: 
Methanosaeta concilii (M59146), Methanosaeta 
soehngenii (X16932), Methanosaeta thermo-
acetophila (M59141), Methanococcoides methylutens 
(M59127), Methanococcoides burtonii (X65537), 
Methanohalophilus sp. (M59132), Methano-
halophilus euhalobius (X98192), Methanohalophilus 
mahei (M59133), Methanosalsus zhilinae 
(RDP:Mha.zhilin), Methanohalobium evestigatum 
(U20149), Methanosarcina thermophila (M59140), 
Methanosarcina sp. (M59136), Methanosarcina 
barkeri Sar (AF028692), Methanosarcina barkeri 
DSM800 (AJ012094), Methanosarcina acetivorans 
(M59137), Methanosarcina siciliae T4/M (U20153), 
Methanosarcina siciliae C2J (U89773), Methano-
sarcina mazei (AJ12095), Methanosarcina frisius 
(M59138), Methanosarcina semesiae (AJ012742), 
Methanomethylovorans hollandica (AF120163), 
Methanolobus taylorii (U20154), Methanolobus 
oregonensis (U20152), Methanolobus vulcani 
(U20155), Methanolobus bombayensis  (U20148), 
Methanolobus tindarius (M59135). 
RESULTS 
Sediment characterization. The sediment 
samples were analyzed for dry weight, the 
concentrations of total sulfide (determined from 
sediment slurry) and the concentrations of total 
manganese, total iron, total phosphorus, and total 
sulfur (determined from the pore water) (Table 1). 
The concentration of total sulfide present in the 
porewater (H2S plus HS-) is about twice the 
concentration of dissolved H2S, since the pH of most 
slurries was about 6.5 close to the pKH2S (6.52). The 
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TABLE 1  The origin and main characteristics of the sediment samples collected from various freshwater systems in  
The Netherlands 
 
a
 OR, organic-rich. SR, sulfide-rich. FR, iron-rich.  
b
 Dry weight (DW) and H2S concentrations were estimated from sediment slurries.  
c
 Concentrations of manganese, total dissolved iron (Fe2+ and Fe3+), total dissolved P and total dissolved S were determined 
from the porewater of the slurries. 
 
 
concentration of total sulfur in the pore water will 
consist mainly of sulfate since pore water samples 
were flushed intensively for 15 min to remove the 
H2S. H2S concentrations appeared to be highest in 
sediments collected from Zegveld I and II, Bruuk II, 
Dekkerswald, and Breukelen I (166, 162, 226, 171 
and 53 µM, respectively). Total sulfide concentrations 
in the other sediments were below 26 µM. Sulfide 
concentrations in sediments from the sulfide-rich ditch 
of Bruuk II decreased dramatically during the 
incubation, whereas that in the sediment of 
Dekkerswald increased (data not shown). In the other 
sulfide-rich sediments concentrations of sulfide 
remained more or less constant. Sulfide-rich slurries 
also had high concentrations of total sulfur indicating 
that also large amounts of sulfate were present. 
Sediment slurries with high total free iron 
concentrations had low levels of free total sulfide 
(Hatertse Vennen, Bruuk I, and Tienhoven I). In 
sediment slurries from Breukelen I, moderately high 
sulfide concentrations coincided with high total free 
iron concentrations (Table 1). Concentrations of total 
phosphorus ranged from 6 to 69 µM and were 
extremely high in the sediment slurry collected from 
Dekkerswald (501 µM). 
Slurry incubations. Endogenous methane 
formation was studied by incubating the sediment 
slurries without addition (controls). In all sediments 
tested, methane increased significantly within 192 h of 
incubation. The methane formation rate, however, 
differed between the sediments tested and ranged from 
7.5 to 54.4 nmol per ml sediment slurry per h (Table 
2) (equal to 0.1 to 1.0 nmol per mg dry matter per h). 
The methane formation rate of slurries prepared from 
Dekkerswald sediment was exceptionally higher 
compared to all other sediments (84.9 nmol per ml 
sediment slurry per h equal to 6.1 nmol per mg dry 
matter per h). In none of the above mentioned slurry 
incubations significant amounts of MT and DMS were 
detected. The endogenous production of MT by the 
sediment slurries was estimated after addition of BES 
or BES plus tungstate. Addition of BES resulted in an 
immediate increase of MT in all sediments tested. In 
sediments where MT reached high levels, DMS also 
started to accumulate. In sediment slurries with high 
concentrations of total sulfur (mainly sulfate) that 
were inhibited with BES, addition of tungstate slightly 
enhanced the MT accumulation. As was the case for 
methane, endogenous formation of MT in the 
sediment collected from Dekkerswald (328 pmol per 
ml sediment slurry per h; and 23.4 pmol per mg dry 
matter per h) was dramatically higher than that from 
the other sediments (7.1 to 52.4 pmol per ml sediment 
slurry per h; 0.2-1.6 pmol per mg dry matter per h) 
(Table 2). 
Addition of syringate to BES inhibited slurries 
resulted in enhanced MT accumulation rates in all 
sediments except that from Dekkerswald and 
Sediment Origin Typical DWb Concentration (µM) 
number  characteristicsa (mg/ml) [H2S]b [total Mn]c [total Fe] c [total P] c [total S] c 
1 Zegveld I OR, SR 60 166 (158-182) 0.52 4.8 69 1620 
2 Zegveld II OR, SR 39 162 (139-186) 0.06 1.6 42 1331 
3 Hatertse Vennen OR, FR 11  15 (6-26) 0.58 10.8 6 83 
4 Bruuk I OR, FR 52 0 (0-1) 0.36 37.3 24 753 
5 Bruuk II OR, SR 63 226 (134-301) 0.07 1.7 22 1372 
6 Dekkerswald OR, SR 14 171 (135-237) 0.83 2.3 501 647 
7 Breukelen I OR, SR 116 53 (15-105) 1.05 17.5 57 1159 
8 Tienhoven I OR, SR, FR 22 3 (2-3) 0.26 17.5 18 620 
9 Tienhoven II OR 66 6 (3-8) 0.13 5.5 18 686 
10 Maarssen OR 23 18 (10-25) 0.20 2.3 26 966 
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TABLE 2. Maximum endogenous formation rates of methane and MT determined from slurries prepared from 
various sediments and incubated under different conditions 
 
Sediment CH4 formation rate (nmol/ml sediment 
slurry/h) 
 MT formation rate (nmol/ml sediment slurry/h) CH4 from MT 
numbera Control BESb BES + Tungstate 
BES + 
Syringate  Control BES
b
 
BES+ 
Tungstate 
BES + 
Syringate (%) 
1 19.1 4.5 4.1 4.4  1.0 19.9 24 80.1 0.11 
2 27.5 2.8 2.8 2.0  1.8 46.3 52.4 57.1 0.15 
3 9.1 1.0 0.5 0.5  0 11.5 11.2 14.5 0.11 
4 54.4 3.2 2.9 2.9  0 13.7 14.7 17.9 0.02 
5 27.2 2.3 1.6 1.6  4.7 38.1 33.1 53.9 0.10 
6 84.9 4.0 3.2 4.1  0 306 328 315 0.30 
7 13.0 3.1 2.9 3.1  0 44.3 51.7 181 0.38 
8 7. 5 0.2 0.1 0.1  0 7.1 7.7 8.2 0.08 
9 9.1 0.6 0.5 0.5  0 12.8 16.1 16.2 0.14 
10 12.7 0.6 0.6 0.3  0 35.3 31.1 28.5 0.22 
a
 For sediment origin see Table 1. 
 
b
 BES = bromoethanesulfonic acid. 
 
 
Maarssen as compared to BES addition alone. The 
increase of MT accumulation due to the addition of 
both BES and syringate was highest in the sediments 
collected from Zegveld I, Bruuk II, and Breukelen I. 
The amount of methane that is produced from MT 
under normal (non-inhibited) conditions in the various 
sediments was less than 0.4% of the total methane 
produced under these conditions (Table 2). 
MPN counts. MPN series with mixed substrates 
(methanol, TMA and DMS), series with DMS and 
series with syringate were prepared from each of the 
sediments. The lower dilutions of the MPN series on 
mixed substrates showed methane formation within 
several days. Liquid media became turbid within two 
weeks. MPN numbers for mixed substrate series 
differed dramatically between the various sediments, 
ranging from 2.3 x 101 to 9 x 105 bacteria per ml 
sediment slurry (Table 3). Highest MPN counts were 
found in slurries of sediments from Zegveld I, 
Dekkerswald and Breukelen I. 
 Positive tubes of MPN series on DMS were 
identified by the formation of methane and MT 
(highest dilutions) and consumption of DMS. No 
significant increase in turbidity was found in this 
MPN series. MPN counts with DMS as the only 
substrate were always lower compared to counts with 
mixed substrates and ranged from 0.4 x 101 to 2.3 x 
105 bacteria per ml sediment slurry. Sediments with 
high cell numbers in tube series with DMS also had 
high cell numbers in tube series with mixed substrates. 
Several tubes of MPN series on syringate initially only 
showed limited MT and DMS formation. Instead 
methane formation was found. However, after a 
second addition of syringate plus BES to tube series 
with liquid medium, MT and DMS formation was 
enhanced significantly. In almost all cases, increase in 
turbidity coincided well with MT and DMS formation. 
MPN counts for syringate ranged from 2.3 x 101 to 
2.3 x 105. 
 The highest positive dilutions of the MPN series on 
mixed substrates (methanol plus TMA and DMS) 
were transferred several times to fresh media. After 
three transfers, the substrate specificity of the 
methanogenic Archaea in these cultures was tested by 
sequential addition of different methanogenic 
substrates (methanol, TMA, DMS, acetate, H2-CO2 
and finally once again methanol). Methane formation 
in cultures of all sediments was found only after 
addition of methanol, TMA and DMS. Microscopic 
analysis revealed that the cultures existed of one type 
of methanogenic Archaea, which was morphologically 
similar with respect to its size and structure of cell 
clusters and aggregates to Mm. hollandica, previously 
isolated from the Dekkerswald sediment (23).  
Amplified Ribosomal DNA Restriction Analysis 
(ARDRA). Total DNA from sediments. From each 
sediment the total DNA was isolated as described in 
the section Materials and Methods. Some of the DNA 
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TABLE 3. Most Probable Number (MPN) of various freshwater sediments determined with anaerobic media amended with a 
mixture of methanol (MeOH), TMA and DMS, with DMS alone, and with only syringate 
 
Sediment numbera MPN on different substrates  (number of bacteria/ml sediment slurry)  
 MeOH + TMA + DMS DMS Syringate 
1 4.0 x 105 4.0 x 104 9.0 x 103 
2 9.0 x 104 2.3 x 105 4.0 x 103 
3 2.3 x 101 0.4 x 101 2.3 x 101 
4 9.0 x 103 9.0 x 103 4.0 x 102 
5 2.3 x 104 2.3 x 103 4.0 x 103 
6 4.0 x 105 4.0 x 104 2.3 x 105 
7 9.0 x 105 1.5 x 105 4.0 x 104 
8 2.3 x 103 9.0 x 102 4.0 x 102 
9 9.0 x 103 2.3 x 103 4.0 x 103 
10 9.0 x 104 9.0 x 103 9.0 x 103 
 
 a
 For sediment origin see Table 1. 
 
 
samples obtained were brownish indicating 
contamination with humic acids. In several of these 
samples PCR did not result in the formation of the 
expected PCR product. In some cases PCR after 
dilution (1000-10000 times) of the DNA samples did 
result in the formation of a PCR product. This 
indicated that PCR was inhibited by the humic acids 
present in the DNA samples. Dilution of the samples 
relieved this inhibition. Therefore DNA samples were 
purified with glass beads from the FlexiPrep Kit 
(Pharmacia Biochemicals Inc.). These purified DNA 
samples were analyzed by ARDRA. An Archaea-
specific PCR (PCR primers: 1AFORMS and 
ARC915; PCR conditions: 2.5 mM of magnesium, 
50°C and 35 cycles) with the purified DNA of all 
sediments as template resulted in the formation of a 
mixture of PCR products with the expected length 
(874 bp) which were derived from various Archaea 
present in the sediment. Analysis of the complete 16S 
rRNA sequence of Mm. hollandica with closely 
related methanogenic Archaea showed that a HindIII 
restriction site is located at base position 195. The 
specificity of this restriction site was tested by using 
the "CHECK PROBE" option of the Ribosomal 
Database Project (27) and was found to be highly 
specific for Mm. hollandica. A HindIII restriction site 
was also present in the 16S rRNA gene sequence of 
some members of the genera Methanobacterium at 
base position 425. Consequently, restriction analysis 
of the obtained PCR product will result in an ARDRA 
band pattern, highly specific for Mm. hollandica-like 
Archaea (lane A, Fig. 3). 
Restriction enzyme analysis of the PCR product 
mixture with HindIII followed by polyacrylamide gel 
electrophoresis (PAGE) indeed demonstrated that the 
digestion products specific for Mm. hollandica (687 
and 187bp), were present in samples of all sediments 
(lane 6-15) (Fig. 3). The intensity of these bands 
differed for the various sediments. Band intensities 
were strong in lanes of sediments from Zegveld I and 
II, Bruuk II, Dekkerswald and Breukelen I. In 
sediments of Hatertse Vennen bands of digestion 
products were very weak and bands were absent in a 
(control) sandy organic-poor Breukelen II sediment. 
Besides the band pattern typical for Mm. hollandica, 
digestion products typically for Methanobacterium 
species were found (± 425 bp). Besides these products 
a few other unidentified digestion products and a 
significant amount of undigested PCR product was 
visible in the various lanes (Fig. 3) 
DNA from highest positive MPN dilutions. From 
cell pellets of the highest positive dilutions of the 
MPN with mixed substrates of all sediments, DNA 
was isolated using the method described for DNA 
isolation from pure culture (23). The use of the 
method described for sediment samples caused severe 
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Mm. hollandica DMS1  AATGCACCGTG-GTCGAAAGCTTTTG---TGCCTAAGGATGGGTCTGCGGT 
Mc. burtonii   AATGCTTTTTG-ATCAAAAGACTTCGGT-TGCCTAAGGATGGATCTGCGGT 
Mh. mahii   AATGCTTTGTG-ATTTAAAGA-TCCGT--CGCCTAANNATGGGTCTGCGGC 
Mh. oregonensis   AATGTTCTGTG-GTCAAAAGC-TCCGG--CGCCTTAGGATGAATCTGCGGC 
Ml. tindarius   AATGTTCTGTG-ATTAAAAGC-TCCGG--CGCCTTAGGATGAATCTGCGGT 
Ml. vulcani   AATGTTCTGTG-ATTCAAAGC-TCCGG--TGCCTTAGNATGAATCTGCGGT 
Msae. concilii   AATGCATCGAG-ATTTAAAG-CTCCGG--CGCCTAAGNATGGGTCTGCGGC 
Msae. thermoacetophila  AATNGGTTCTG-GCAGAAATNCTCCGG--CGCCTCAGGATGGGTCTGCGGC 
Ms. acidivorans   AATGCTTTCTGCGTAAAACGGATTCGTC-TGCCCAAGGATGGGTCTGCGGC 
Ms. barkeri   AATGCTTTATGNGTAAAATGGATTCGTC-CGCCCAAGNATGGGTCTGCGGC 
Ms. frisius   AATGCTTTATGCGTCAAAAGGATTCGTC-TGCCCAAGGATGGGTCTGCGGC 
Ms. thermophila   AATGCTTTATGCGTAAAATGGATTTGTC-TGCCCAAGNATGGGTCTGCGGC 
Mc. methylutens   AATGCTTTTTG-GTTCAAAGACTTCGGT-TGCCTAAGNATGGATCTGCGGT 
Methanophilus SF1  AATGCTTTGTG-ATTTAAAGA-TTCCT--CGCCCAAGNNTGGGTCTGCGGC 
Methanosarcina WH1  AATGCTTTATGCGTCAAATGGATTCGTC-TGCCCAAGGATGGATCTGCGGC 
M. thermoautotrophicum  AATGGTGCTTCACCGAAACACCTTCGGGGTGCCCAAGGATGGGTCTGCGGC 
FIG. 2. Partial alignment of the 16S rRNA gene sequences of Mm. hollandica and various closely related methanogens, 
which illustrates the location of the HindIII restriction site (printed in bold) and the primer site of the strain specific primer 
DMS1 209 (underlined) on the 16S rRNA gene of Mm. hollandica strain DMS1. The numbers above the alignment indicate 
the position of the first and final base pair within the complete 16S rRNA sequence of Mm. hollandica. Mc. = 
Methanococcoides; Mh. = Methanolhalophilus; Ml. = Methanolobus; Msae. = Methanosaeta; Ms. = Methanosarcina; M. = 
Methanobacterium. 
 
 
shearing of the DNA, resulting in low molecular 
weight DNA when this method was used for the 
isolation of DNA from pure cultures. Similar ARDRA 
of these samples as described for sediment samples 
above, demonstrated that in all MPN samples the 
digestion of the 874 bp PCR product by HindIII 
resulted in the two digestion products (687 bp and 187 
bp). In contrast to all other sediments, a significant 
amount of the PCR product from the Dekkerswald 
sediment could not be digested (Fig. 4). 
Nested PCR. The purified DNA samples obtained 
from the various sediment samples were also used for 
a nested PCR specially developed to selectively 
amplify the 16S rRNA gene of Mm. hollandica. After 
PAGE the expected PCR product (645 bp) was only 
found in the nested PCR samples of Dekkerwald 
sediment and Breukelen I sediment (data not shown). 
Sequencing analysis of the PCR product of sediment 
Dekkerswald revealed that the amplified 16S rRNA 
fragment was indeed of a methanogen which was 
closely related to Mm. hollandica (95-97% sequence 
similarity).  
Phylogenetic and taxonomic analysis. 
Sequencing of the PCR products generated from DNA 
samples isolated from the highest dilution of the MPN 
series on mixed substrates of all sediments, resulted in 
11 partial 16S rRNA sequences each derived from one 
of the sediments collected. Database searches with the 
obtained sequences revealed that these sequences 
were closely related to that of Mm. hollandica (92-
99% sequence similarity). For the PCR product of 
sediment of Dekkerswald, however, it appeared to be 
necessary to sequence from a cloned PCR product, 
since products of two different methanogens were 
present. One appeared to be closely related to Mm. 
hollandica and the other to Methanosaeta concilii 
(92% and 96% sequence similarity, respectively). 
These 11 partial 16S rRNA sequences were aligned 
(Pileup method) with that of Mm. hollandica and 
several homologous 16S rRNA sequences of closely 
related Archaea obtained from the GenBank and 
EMBL databases. A phylogenic tree based on an 
alignment of these partial 16S rRNA sequences 
demonstrates that the sequences retrieved from the 
MPN cultures all cluster with that of Mm. hollandica 
(Fig. 5). 
DISCUSSION 
Characterization of the sediment slurries and 
porewater showed that concentrations of the H2S, total 
iron and total sulfur correspond well with previously 
obtained data of the systems from which the slurries 
were collected (20). Incubation of slurries prepared 
from various sediments revealed that endogenous 
methane formation rates (7.5 to 84.9 nmol per ml 
sediment slurry per h, equal to 0.1 to 6.1 nmol per mg 
dry matter per h) were in the same order of magnitude 
as that of sediment slurries of the same origin 
described previously (20). Comparison of sediment 
slurries with and without BES demonstrated that the 
endogenous production of MT and DMS is well 
balanced with its degradation by mainly methanogenic 
Archaea. Inhibition with BES plus tungstate revealed 
that sulfate-reducing bacteria may play an additional 
role in the degradation of MT and DMS in sulfate-rich 
freshwater sediments. The balance between the 
production and degradation of VOSC, the dominant 
  
FIG. 3. ARDRA of the total DNA isolated from the various sediments. The PCR product generated with two Archaea 
specific primers (1AFOR and ARC915) was digested with restriction enzyme, HindIII. The band pattern with a 187 and 874 
product appeared to be specific for Mm. hollandica. Loading of the samples (from left to right); Marker, Low Molecular 
Weight Marker; A, Mm. hollandica strain DMS1; B, Ms. Barkeri; C, M. thermoautotrophicum; D, Methanosphaera 
cunniculi; 1-11, sediment 1 to 11 (For sediment origin see Table 1). Sediment 11 is a sandy organic-poor sediment, which is 
used as a negative control since it is unlikely to contain large amounts of methanogenic Archaea. 
 
 
 
FIG. 4. ARDRA of the DNA isolated from highest positive dilutions from the MPN on mixed substrates (methanol, 
TMA, and DMS) of the various sediments. The PCR product generated with two Archaea specific primers (1AFOR and 
ARC915) was digested with restriction enzyme, HindIII. The band pattern with a 187 and 874 product appeared to be 
specific for Mm. hollandica. Loading of the samples (from left to right); Marker, Low Molecular Weight Marker; A, Mm. 
hollandica strain DMS1 undigested PCR product; B, Ms. Barkeri; C, Mm. hollandica strain DMS1; 1-10, Samples of MPN 
tubes of sediment 1 to 10 (For sediment origin see Table 1); Marker, Low Molecular Weight Marker. 
 
 
role of methanogens and the possible role for sulfate-
reducing bacteria found in this study is in agreement 
with the previous work on freshwater sediments (20-
23, 38, 39). Methanogenesis from VOSC appeared to 
constitute only a minor fraction (less than 1%) of the 
total methane produced (20, 38, 39). Apparently, 
DMS and MT are not important precursors for 
methane formation in freshwater sediments. These 
findings are comparable with that reported for sulfate-
reducing bacteria degrading the major part of VOSC 
in saltmarsh sediments, in which this VOSC-
dependent sulfate-reducing activity is marginal (10%) 
as compared to the total sulfate-reducing acticity (14, 
17). Methane and MT formation were significantly 
higher in the sediment slurry of Dekkerswald as 
compared to that of the other sediment slurries. The 
distinct behaviour of the Dekkerswald sediment is 
likely to be the result of the fact that the pond from 
which this sediment was collected serves as a 
stabilization pond receiving effluent from a small-size 
activated sludge plant. Because of this high cycling 
activity, the Dekkerswald sediment had previously 
been chosen to isolate a methanogenic Archaea able to 
convert DMS, resulting in the isolation of Mm. 
hollandica (23). 
The impact of methyl group-donating compounds 
on the formation of methylated sulfur compounds was 
studied by the addition of syringate. Syringate 
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addition enhanced MT and DMS formation in sulfide-
rich sediments only. The absence of an increase in MT 
and DMS accumulation in sediment slurries with low 
sulfide concentrations is likely to be due to the fact 
that MT/DMS formation in these sediments is sulfide 
limited rather than methyl group limited. The results 
of this study therefore confirm previous findings that 
MT and DMS formation occurs mainly by the 
methylation of sulfide, which is limited by the 
concentrations of both sulfide and methyl group-
donating compounds (18, 20). MPN counts 
determined for syringate-utilizing organisms are 
significantly lower than that of the methanogenic 
Archaea (ranging from 2.3 x 101 to 2.3 x 105). Since 
in most cases (8 of 10 sediments) these MPN resulted 
in MT/DMS producing organisms, this mechanism 
can be considered as one of the important degradation 
mechanisms for syringate in situ. 
Numbers of methanogenic Archaea determined 
from dilution series on mixed substrates (methanol, 
TMA and DMS) and on DMS alone  were tested. 
Counts from dilution series on DMS (0.4 x 101 to 2.3 
x 105 per ml sediment slurry) were always lower than 
that on mixed substrates (2.3 x 101 to 9 x 105 per ml 
sediment slurry. This is probably caused by the fact 
that biomass formation from DMS is difficult as was 
also observed during isolation of Mm. hollandica 
(23). The highest MPN counts we found are in the 
same other of magnitude as those reported in the 
literature for estuarine, marsh and mangrove 
sediments (10, 26, 36). These MPN series therefore 
showed that, although VOSC-dependent 
methanogenesis was limited, significant numbers of 
DMS-degrading methanogens are present in most 
freshwater sediments. 
Analysis of the highest positive dilutions of the 
series on mixed substrates revealed that the dominant 
organisms in these dilutions were typical obligately 
methylotrophs able to produce methane from 
methanol, TMA and DMS only. Microscopic analysis 
revealed that the dominant organism in all the 
sediments occurred in cell clusters with two to four 
irregular coccoid-shaped cells, being morphologically 
identical to Mm. hollandica. Physiological and 
morphological analysis of the highest positive MPN 
dilutions therefore demonstrate that methylotrophic 
Archaea similar to Mm. hollandica are commonly 
occurring methanogens in freshwater sediments. 
Considering the substrate utilization of the organisms 
obtained in MPN series on mixed substrates, and the 
fact that in series with mixed substrates 
morphologically identical organisms are obtained as 
compared to series with only DMS, it is likely that the 
organisms isolated are responsible for the 
consumption of methanol, TMA and DMS in situ. 
Moreover, the limited endogenuous flux of MT and 
DMS (lower than 1% of the total methane formed) 
alone is unlikely to support such a substantial 
population of obligately methylotrophic methanogens. 
ARDRA of the total DNA samples isolated from 
the various sediments, using the HindIII site specific 
for Mm. hollandica, revealed that the band pattern 
specific for Mm. hollandica, was present in all 
sediments. The intensity of the bands differed strongly 
between the various sediments and appeared to be 
higher of sediments that had high MPN counts 
(Zegveld I, Bruuk II, Dekkerswald and Breukelen I). 
ARDRA therefore confirms the presence of Mm. 
hollandica-like Archaea in various sediments like was 
indicated by the MPN series. Furthermore, the other 
(425 bp) digestion product obtained by ARDRA also 
indicated the presence of Methanobacterium-like 
Archaea. Considering the known physiology of the 
members of this genus, these Archaea are likely to be 
involved in the degradation of acetate, formate and 
H2-CO2. ARDRA, sequence analysis and analysis of 
the substrate specificity of the highest positive 
dilutions of the MPN on mixed substrates from the 
various sediments demonstrated that the methanogens 
obtained were truly methylotrophic and closely related 
to Mm. hollandica. In the MPN of Dekkerswald 
sediment, however, besides the Mm. hollandica-like 
organisms, a PCR product of a methanogen related to 
members of the genus Methanosaeta was present. 
Although members of the genus Methanosaeta are 
known to be acetoclastic, it is likely that the 
methanogen present will have another substrate 
spectrum since it has a sequence similarity of 96% 
with that of Methanosaeta concilii which is close to 
the criterium of another genus (more than 5% 
sequence similarity indicates another genus) and it 
was enriched in medium without acetate. Both 
methanogens probably outcompete each other for one 
of the substrates used. 
Phylogenetic analysis of the sequences obtained from 
the highest MPN dilutions revealed that they form a 
distinct cluster together with Mm. hollandica. This 
genetic cluster represents a genus of the obligately 
methylotrophic methanogens typical for freshwater 
habitats. The presence of Mm. hollandica-like 
methanogens in the sediment samples was also 
confirmed by the presence of a nested PCR product 
after PAGE in the samples of sediments from 
Dekkerswald and Breukelen I. Sequence analysis of 
the PCR product from Dekkerswald revealed that this 
sequence was indeed derived from an organism that is 
closely related to Mm. hollandica (95-97% sequence 
similarity). The absence of a PCR product after PAGE 
in the other sediments is probably due to the fact that 
cell numbers of Mm. hollandica-like methanogens in 
these sediment samples were below the detection limit 
for this nested PCR and the fact that the PCR 
conditions used to achieve selective amplification of 
Mm. hollandica only, were very critical (69°C !!). 
This critical conditions were probably due to the fact 
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that this primer contained polygoon sequences (Fig. 
2). Unfortunately, however, there were no alternative 
primer target sites within the 16S rRNA gene 
sequence, which could be used for the specific 
detection of Mm. hollandica-like methanogens. 
 
FIG. 5.  Phylogenetic tree based on a distance matrix 
prepared from an alignment of a partial 16S rRNA 
sequences (576-bases) of Mm. hollandica, the sequences 
obtained from the highest positive dilutions of the MPN on 
mixed substrates (methanol, TMA, and DMS) (indicated as 
MPN clones), the sequences from the nested PCR of 
sediment samples of Dekkerswald (indicated as Nested PCR 
clones), and other selected, closely related methanogens. 
The latter were obtained from the GenBank, EMBL and 
RDP database. Methanosaeta thermoacetophila was used as 
the outgroup. Sediment numbers correspond to numbers 
given in Table 1. Scale bar = 10 base substitutions per 100 
bases. Names of methanogens, which are able to utilize 
DMS as carbon source, are underlined. Bootstrap values 
above 90 are given. 
 
 
In conclusion, this study provides evidence for the 
fact that cycling of methylated sulfur compounds 
occurs in freshwater sediments from different origin. 
In all cases, microbial formation and degradation 
appeared to be well balanced and the dominance of 
certain mechanisms for VOSC formation and 
degradation depended on the concentrations of sulfate, 
sulfide and methyl group donating compounds. 
Comparison of the results of the sediment incubations, 
MPN series, ARDRA, nested PCR and sequence and 
phylogenetic analysis revealed that sediments with 
high methane and MT formation rates also showed 
high MPN numbers (Zegveld I, Bruuk II, 
Dekkerswald, Breukelen I). Moreover, although the 
PCR technique used in the way described in this 
study, is not a reliable tool for quantitative analysis, 
the intensity of the bands of ARDRA was highest of 
the sediments with a high methane/MT formation rate 
and a high MPN number. Furthermore, sequence 
information of MPN-PCR products and nested PCR 
products demonstrated that the methylotrophic 
methanogens present in the sediments were closely 
related to Mm. hollandica. 
The unique combination of sediment slurry 
incubation experiments, MPN series and molecular 
genetic detection performed in this study provides 
convincing evidence showing that the suggested 
mechanisms for MT and DMS formation and 
degradation, and the recently isolated DMS-degrading 
methanogen, Mm. hollandica, are indeed commonly 
occurring in freshwater sediments. 
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SUMMARY AND CONCLUDING REMARKS  
 Microbial cycling of volatile organic sulfur 
compounds (VOSC) is intensively investigated due to 
the impact these compounds are thought to have on 
environmental processes like global temperature 
control, acid precipitation and the global sulfur cycle. 
A hypothesis which has been proposed in the 
literature states that increased global temperatures 
result in an increased production of dimethyl sulfide 
(DMS) and as a result to higher atmospheric DMS 
emission rates. Enhanced atmospheric DMS 
concentrations will subsequently result in higher 
atmospheric concentrations of the oxidation products 
of DMS, which act as cloud condensation nuclei. 
Higher concentrations of these oxidation products will 
result in a more dense cloud albedo reducing the 
amount of sunlight that reaches the earth surface and 
consequently lowering the global temperature. DMS 
can therefore be considered to be counterproductive to 
the behavior of greenhouse gases like methane and 
carbon dioxide. Furthermore, the detection of 
considerable amounts of DMS in ocean surface waters 
led to the general assumption that DMS, and not H2S, 
is the “missed link” in the global sulfur cycle. 
According to this assumption, sulfur is transferred in 
the form of DMS from the ocean water via the 
atmosphere (primarily as oxidation products from 
DMS, e.g. methanesulfonic acid and SO2) to 
terrestrial systems where it is deposited via rain 
precipitation. Most of the scientific research with 
respect to the microbial cycling of VOSC from the 
past several years was concerned with the microbial 
cycling of DMS in marine and estuarine systems due 
to the observation that large amounts of DMS are 
released upon algal blooms in these systems. In 
contrast, microbial cycling of VOSC in freshwater 
systems received only little attention. The present 
study describes the microbial cycling of VOSC in 
freshwater systems identifying the major mechanisms 
and the microbes involved. 
 In chapter 1 an introductory review is given on the 
major mechanisms know for VOSC formation and 
degradation including the microbes involved. Special 
emphasis is given to the limited information available 
on the cycling of VOSC in freshwater. 
 In the early stage of the research project the 
concentrations of VOSC were measured in water and 
sediment columns of ditches in a peatland in The 
Netherlands (chapter 2). Besides the high levels of 
H2S (20-651 µM), methanethiol (MT) (3-76 nM) 
appeared to be the major VOSC present and was 
mainly produced in the sediment. Both VOSC and 
H2S concentrations decreased dramatically towards 
the water surface. Due to differences in oxidation 
rates between H2S and VOSC in the water column, 
MT (1-8 nM) and DMS (1-20 nM) made up a 
substantial part of the volatile sulfur compounds 
present in the surface water (H2S/HS-: 10-30 nM). It 
was therefore concluded that fluxes of MT and DMS 
significantly contribute to the flux of sulfur 
compounds from freshwater systems to the 
atmosphere. 
The calculated correlation between the H2S and 
VOSC concentrations in the sediments (MT: r=0.91, 
DMS: r=0.81, carbondisulfide: r=0.13) and between 
H2S concentrations and endogenous MT production 
rates, suggested that anaerobic methylation of sulfide 
is the major mechanism for the production of VOSC 
in freshwater sediments (chapter 2). This was 
confirmed by the observation that artificially 
increased H2S concentrations enhanced MT formation 
in sediment slurries. Formation of MT appeared also 
to be stimulated by a higher input of easily degradable 
organic matter as was illustrated by the strong 
correlation between MT and methane formation rates. 
The stimulation of MT formation in sediments 
amended with syringate or trimethoxybenzoate 
(TMB) and the abundance of these compounds in situ 
as degradation products from lignin, demonstrated 
that methoxylated aromatic compounds in this organic 
matter are an important source of methyl groups for 
the methylation of H2S (Fig. 1). Summarizing, the 
formation of MT and DMS originates mainly from the 
methylation of sulfide and is therefore dependent on 
the concentration of H2S and methyl group donating 
compounds (like methoxylated aromatic compounds). 
 Incubation studies with sediment slurries 
demonstrated that the production and degradation of 
VOSC in sediments are well-balanced (chapter 2, 3 
and 4). Degradation of DMS and MT in slurries 
prepared from sediments of minerotrophic peatland 
ditches was studied under various conditions. 
Maximal aerobic DMS-degrading capacities (4.95 
nmol per ml sediment slurry · h-1) were 10-fold higher 
than the maximal anaerobic degrading capacities 
determined from bottles incubated under a N2 or H2 
atmosphere (0.37 and 0.32 nmol per ml sediment 
slurry· h-1, respectively). Incubations under experi-
mental conditions which mimic the in situ conditions 
(not shaken and an air headspace) revealed however, 
that aerobic degradation of DMS and MT in 
freshwater sediments is low due to oxygen limitation. 
In freshwater sediments, DMS and MT apparently are 
mainly degraded anaerobically. The apparent Km 
values obtained for aerobic and anaerobic DMS 
degradation (6 - 8 µM and 3 –8 µM, respectively) 
explain the low DMS and MT concentrations in 
freshwater sediments.  
 Inhibition studies with bromoethanesulfonic acid 
and sodium tungstate (inhibitors of methanogenic and 
sulfate-reducing activity) demonstrated that the 
anaerobic degradation of endogenously produced 
DMS or MT as well as added DMS or MT originated 
mainly from methanogenic activity (chapter 4)  (Fig. 
1). DMS was stoichiometrically converted to methane 
(2:3). Since addition of methanol or MT to DMS-
degrading slurries affected the DMS conversion it was 
concluded that DMS-degrading methanogens in these 
slurries also consume MT and methanol. Experiments 
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with sulfate-amended slurries demonstrated that 
besides methanogens, sulfate-reducing bacteria take 
part in MT and DMS degradation in freshwater 
sediments, provided that sulfate is available. Results 
of preliminary experiments point to a syntrophic 
degradation (interspecies hydrogen transfer) by 
methanogens and sulfate or nitrate-reducing bacteria 
as the mechanism of MT and DMS degradation in 
sulfate or nitrate-rich freshwater sediments. The 
possibility that sulfate-reducing bacteria that can 
degrade DMS and MT exist, however can not be 
excluded. 
A newly isolated methanogen, strain DMS1, was 
isolated from a freshwater sediment after enrichment 
in defined minimal medium with DMS as sole carbon 
and energy source (chapter 5). Strain DMS1 is an 
obligately methylotrophic methanogen only capable 
of growth on methanol, methylamines, MT and DMS. 
Strain DMS1 differs from all other DMS-degrading 
methanogens, since it was isolated from a freshwater 
habitat and shows optimal growth at sodium chloride 
concentrations typical for freshwater microorganisms 
(0-0.04 M). DMS degradation by this strain was 
dramatically affected by the presence of MT and H2S 
and DMS was degraded effectively only in a 
chemostat culture at low H2S and MT concentration. 
Addition of MT or sulfide to the chemostat strongly 
decreased the degradation of DMS. Transient 
accumulation of MT in DMS-amended cultures 
indicates that DMS is degraded with MT as 
intermediate. 
By its low homology with the closest related 
methanogen, Methanococcoides burtonii (94.5%), its 
position in the phylogenetic tree, its morphology 
which is different from that of the members of 
Methanolobus, Methanococcoides and 
Methanohalophilus, and by its salt tolerance and 
optimum which is characteristic for freshwater 
bacteria, strain DMS1 was designated as a 
representative of a novel genus (chapter 5). The 
isolate was named Methanomethylovorans hollandica. 
Considering its physiological properties and the 
similarity of its morphology with that of methanogens 
present in the sediment slurries (fluorescence 
microscopy) it was concluded that M. hollandica 
strain DMS1 is likely to be a commonly occurring 
methanogen responsible for the degradation of MT 
and DMS in freshwater sediments in situ. Due to the 
reversibility of the DMS conversion, methanogens 
like strain DMS1 can also be involved in the 
formation of DMS through the methylation of MT.  
An anaerobic bacterium that is responsible for the 
formation of MT and DMS through the anaerobic 
methylation of H2S and MT was isolated from a 
freshwater pond after enrichment with syringate as 
sole carbon source (chapter 6). The strain (SYR1) 
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FIG. 1. Scheme of flow of methyl groups from methoxylated (aromatic) compounds (R-O-CH3)  to either acetate or MT
and DMS as major mechanism of VOSC formation in anoxic freshwater sediments. Formation of acetate from methyl
groups occurs under conditions of low sulfide concentrations through carbonylation (c). Formation of MT and DMS occurs
only under conditions of high sulfide concentrations since sulfide is required as methyl group acceptor (d). Sulfide acting
as methyl group acceptor to form MT and subsequently DMS, is generated in the system by sulfate reduction (s),
decomposition of organic matter and degradation of MT and DMS by methanogenic activity (m). Sulfate can be introduced
in the system by several processes (inlet of sulfate Rhine water, deposition and seepage water). MT, DMS and H2S can be
restored or converted in the sediment or diffuse to the higher aerobic water column and atmosphere. 
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produces MT and DMS from the methoxy groups of 
syringate. The hydroxylated aromatic residue is 
converted to acetate and butyrate. Like another 
methoxylated aromatic compound-degrading 
bacterium, Sporobacterium olearium, the isolate also 
is a member of the XIVa cluster of the low GC 
Clostridiales group. However, the new isolate differs 
from all other known methoxylated aromatic 
compound-degrading bacteria because it was only 
capable of O-demethylation of syringate in significant 
amounts in the presence of sulfide. On the basis of its 
physiology and 16S rRNA sequence similarity strain 
SYR1 was designated as novel genus and named 
Parasporobacterium paucivorans. 
The ecological relevance of the isolated bacteria 
was investigated by the identification and 
quantification of the microorganisms involved in the 
cycling of MT and DMS within a large survey of 
freshwater sediments collected from various sites in 
The Netherlands (chapter 7). Sediment incubation 
studies confirmed previous findings that formation 
and degradation of MT and DMS in situ is well 
balanced, that MT is mainly formed through 
methylation of sulfide and that MT and DMS are 
primarily degraded by methanogens. MPN dilution 
series with mixed substrates (methanol, 
trimethylamine and DMS) demonstrated that 
methanogens physiologically and morphologically 
similar to M. hollandica strain DMS1 were present in 
the highest positive dilution of all sediments (chapter 
7). MPN counts differed significantly per sediment, 
ranging from 2.3 x 101 to 9 x 105 bacteria per ml of 
sediment slurry. Amplified Ribosomal DNA 
Restriction Analysis (ARDRA) and 16S rRNA gene 
sequence analysis of the total DNA isolated from the 
sediments and the DNA isolated from the highest 
positive dilution of the MPN series (mixed substrates) 
revealed that the methanogens that are responsible for 
the degradation of MT, DMS, methanol and TMA in 
situ, are all phylogenetically closely related to M. 
hollandica. 
The presence of MT and DMS formation in most 
of the highest positive dilutions of MPN series with 
syringate (MPN counts ranging from 2.3 x 101 to 2.3 
x 105 bacteria per ml of sediment slurry) indicates that 
methylation of sulfide with methyl groups derived 
from syringate is a commonly occurring process in 
situ (chapter 7). Data from sediment incubations, 
MPN series and ARDRA correlated well, showing 
high MPN counts and high intensity of ARDRA band 
patterns for sediments with high endogenous fluxes of 
MT and DMS. The unique combination of sediment 
incubation experiments, MPN series and molecular 
genetic detection provided convincing evidence to 
define anaerobic methylation of sulfide and MT and 
the anaerobic methanogenic degradation of MT and 
DMS as important mechanisms in the anaerobic 
cycling of MT and DMS. Furthermore it revealed that 
the isolated DMS-degrading methanogen, M. 
hollandica, is indeed a commonly occurring 
inhabitant of these freshwater ecosystems. 
In conclusion, it can be stated that the findings of 
the present research have contributed to a better 
understanding of the cycling of VOSC in freshwater 
habitats. It was shown that the dominant VOSC in 
freshwater habitats, MT and DMS, are mainly formed 
in the sediment. Anaerobic methylation of sulfide and 
MT, and methanogenic conversion of MT and DMS 
were identified as the dominant processes in this 
anaerobic cycling of MT and DMS (Fig. 1). The 
balance between these processes results in an 
anaerobic mineralization of methyl groups in which 
sulfide act as a methyl group carrier transferring them 
from donating compounds (methoxylated aromatic 
compounds like syringate and TMB) onto MT and 
DMS, which are subsequently converted to methane. 
Several factors that may affect this balance, resulting 
in higher or lower fluxes of MT and DMS to the 
atmosphere, were identified. VOSC formation was 
found to be stimulated by sulfide (ea. H2S), sulfate 
(indirectly) and methyl group donating compounds 
and inhibited by free iron (Fig. 1). VOSC degradation 
was found to be inhibited by H2S. Furthermore, the 
presence of sulfate in the sediments was found to 
stimulate the VOSC degradation by sulfate-reducing 
bacteria. These findings are very important from the 
ecological point of view since increased sulfate con-
centrations in several freshwater ecosystems caused 
by the inlet of water of the river Rhine into these 
systems have resulted in higher H2S concentrations in 
systems which were iron-limited (Fig. 1). These 
higher sulfate and H2S concentrations are likely to 
enhance VOSC formation through sulfide methylation 
and VOSC degradation by sulfate-reducing bacteria, 
whereas VOSC degradation by methanogens is likely 
to be inhibited. Although more research is needed to 
be able to predict the outcome of the combination of 
these processes, higher fluxes of VOSC from sulfide-
rich systems towards the atmosphere are conceivable. 
Finally, the findings of this research have contributed 
to a better understanding of the anaerobic formation 
and degradation of MT and DMS in the field of 
environmental technology. In anaerobic reactors like 
the Upflow Anaerobic Sludge Blanket (UASB) 
reactor treating various kinds of waste streams from 
for example the Kraft pulping industry containing 
methoxylated aromatic compounds or methylated 
sulfur compounds, these processes of microbial 
cycling of MT and DMS are likely to occur. A 
recently performed study on an UASB reactor treating 
MT as major organic compound revealed that 
methanogens similar to M. hollandica were also 
present in this reactor. These recent findings illustrate 
that the processes as it occurs in these reactors are 
similar, although intensified, to that in nature and are 
therefore a nice example how naturally occurring 
processes can be used in our own benefit. 
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De microbiële omzettingen van vluchtige organische 
zwavelverbindingen (VOZV) zijn intensief 
bestudeerd vanwege de veronderstelde invloed van 
deze verbindingen op natuurlijke processen zoals de 
het mondiale klimaat, zure depositie en de mondiale 
zwavelkringloop. Een hypothese die gepostuleerd is 
in de literatuur stelt dat een verhoging van de 
gemiddelde mondiale temperatuur zal leiden tot een 
verhoogde productie van dimethyl sulfide (DMS) en 
daardoor tevens tot verhoogde emissies van DMS 
naar de atmosfeer. Verhoogde concentraties van DMS 
in de atmosfeer zouden leiden tot een verhoogde 
concentratie van de oxidatie producten van DMS die 
op hun beurt fungeren als condensatiekernen voor 
wolkvorming. Dit zal leiden tot een dichter 
wolkendek waardoor de hoeveelheid licht dat het 
aardoppervlak bereikt wordt gereduceerd met als 
gevolg dat de mondiale temperatuur weer zal 
afnemen. DMS wordt daarom gedacht een 
tegengesteld effect te hebben in vergelijking met 
broeikasgassen zoals methaan en koolstofdioxide. De 
detectie van aanzienlijke DMS concentraties in het 
oppervlaktewater van de oceanen heeft ertoe geleid 
dat DMS, en niet langer H2S, wordt gezien als de tot 
nog toe ontbrekende schakel in de mondiale 
zwavelkringloop. Volgens deze veronderstelling vindt 
het transport van zwavel vanuit de oceanen via de 
atmosfeer naar terrestrische systemen plaats in de 
vorm van oxidatieproducten van DMS (bijv. 
methaansulfonzuur en SO2) middels (zure) depositie. 
Wetenschappelijk onderzoek met betrekking tot de 
microbiële omzettingen van VOZV heeft zich de 
afgelopen jaren voornamelijk beperkt tot de 
microbiële omzetting van DMS in mariene en 
estuariene systemen. Dit is met name het gevolg van 
de hoge concentraties van DMS die zijn 
waargenomen na algenbloei. Microbiële omzetting 
van DMS in zoetwater systemen is daarentegen 
nauwelijks bestudeerd. Deze studie beschrijft deze 
microbiële omzetting van VOZV in zoetwater 
sedimenten, waarbij de belangrijkste mechanismen en 
betrokken micro-organismen zijn geïdentificeerd. 
Hoofdstuk 1 geeft een inleidend overzicht met daarin 
de belangrijke mechanismen van VOZV productie en 
afbraak en de daarbij betrokken micro-organismen. 
Het blijkt dat er slechts een beperkte hoeveelheid 
kennis aanwezig is voor zoetwater systemen. 
In de eerste fase van het onderzoek werden de VOZV 
concentraties in de water- en sedimentkolom van 
sloten in veengebieden in Nederland gemeten 
(Hoofdstuk 2). Naast de hoge concentraties gemeten 
voor H2S (20-651 µM), bleken methaanthiol (MT) (3-
76 µM) en in mindere mate DMS de belangrijkste 
VOZV te zijn. Productie vindt voornamelijk plaats in 
de sedimenten. Concentraties van zowel VOZV en 
H2S nemen af richting het wateroppervlak. Als gevolg 
van de verschillen in oxidatie snelheid voor H2S en 
VOZV in de water kolom, maken MT (1-8 nM) en 
DMS (10-30 nM) een belangrijk deel uit van het 
totaal van vluchtige zwavel verbindingen (VZV) net 
onder het wateroppervlak. Hierdoor leveren de fluxen 
van MT en DMS een belangrijke bijdrage aan de 
totale flux van zwavel vanuit zoetwater systemen naar 
de atmosfeer. 
De verkregen correlaties tussen H2S en VOZV 
concentraties in sedimenten (MT: r = 0.91, DMS: r = 
0.81, koolstofdisulfide: r = 0.13) en tussen H2S 
concentraties en endogene MT productie snelheden, 
geven aan dat anaerobe methylering van sulfide het 
belangrijkste mechanisme is voor de productie van 
VOZV in zoetwater systemen (Hoofdstuk 2). Dit 
wordt tevens bevestigd door de toename in endogene 
MT productiesnelheden in sediment slurries waarin de 
H2S concentratie kunstmatig is verhoogd door 
toevoeging van sulfide. De mate van MT vorming in 
een sediment is ook hoger naarmate er een grotere 
hoeveelheid eenvoudig afbreekbaar organisch 
materiaal in het sediment aanwezig is. De verhoging 
van de MT productiesnelheid in sediment slurries 
waaraan trimethoxybenzoaat of syringaat is 
toegevoegd en het voorkomen van deze verbindingen 
in de natuur als belangrijk afbraakproduct van lignine, 
geeft aan dat deze gemethoxyleerde aromatische 
verbindingen een belangrijke bron kunnen zijn van 
methyl-groepen voor de methylering van sulfide. 
Samenvattend kan dus gesteld worden dat de vorming 
van MT en DMS met name verloopt via de 
methylering van sulfide en daarmee dus afhankelijk is 
van de sulfide concentratie sulfide en van de 
concentratie aan methyl-leverende verbindingen 
(zoals bijv. gemethoxyleerde aromatische 
verbindingen). 
Incubatie studies hebben aangetoond dat de productie 
en afbraak van VOZV zeer sterk met elkaar in 
evenwicht zijn (Hoofdstukken 2, 3 en 4). De afbraak 
van DMS en MT is bestudeerd door middel van de 
incubatie van sediment slurries onder verschillende 
condities. De maximale afbraakcapaciteit (4.95 nmol 
per ml sediment slurrie · h-1) van sedimenten 
geïncubeerd onder een luchtatmosfeer was een factor 
10 maal hoger dan de maximale afbraakcapaciteit van 
sedimenten geïncubeerd onder een N2 of H2 atmosfeer 
(respectievelijk, 0.37 en 0.32 nmol per ml sediment 
slurrie ·  h-1). Incubaties uitgevoerd onder omstandig-
heden die vergelijkbaar zijn met die in situ (stilstaand 
met een lucht als gasfase) gaven echter aan dat de 
aerobe omzetting van MT en DMS onder deze 
condities zeer gering is als gevolg van zuurstof-
limitatie in de sedimentlaag. DMS en MT worden in 
zoetwater sedimenten dus blijkbaar voornamelijk 
anaeroob afgebroken. De “apparent” Km waarden die 
werden verkregen voor de aerobe en de anaerobe 
omzetting van DMS (respectievelijk, 6 - 8 µM en 3 - 
8 µM) verklaren de lage in situ ‘steady state’ 
concentraties. 
Remmingsexperimenten met bromoethaansulfonaat 
(BES) en natriumwolframaat (remmers van 
respectievelijk methanogene en sulfaat-reducerende 
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bacteriën) toonden aan dat endogeen geproduceerd 
MT en DMS alsmede toegevoegd MT en DMS 
voornamelijk worden afgebroken door methanogenen 
(Fig. 1). DMS wordt daarbij stoichiometrisch omgezet 
naar methaan (3 mol methaan per 2 mol DMS), 
koolstofdioxide en H2S. Aangezien de toevoeging van 
methanol aan een DMS-afbrekende sediment slurrie 
een duidelijk effect had op de DMS afbraak kan 
geconcludeerd worden dat de DMS-afbrekende 
methanogenen ook actieve methanol gebruikers zijn. 
Experimenten met sulfaat-rijke sedimenten of 
sedimenten waaraan sulfaat was toegevoegd toonden 
aan dat sulfaat reducerende bacteriën betrokken zijn 
in de DMS en MT afbraak zolang sulfaat aanwezig is. 
Voorlopige resultaten geven aan dat het hierbij 
mogelijk gaat om een syntrofe afbraak (“interspecies 
H2 transport”) met methanogenen en sulfaat-
reduceerders of denitrificeerders zoals ook is 
aangetoond voor de omzetting van methanol. De 
mogelijkheid dat er in zoetwater sedimenten ook 
sulfaat-reducerende bacteriën voorkomen die in staat 
zijn om DMS of MT om te zetten is daarbij echter niet 
uit te sluiten. 
Tijdens de studie is het gelukt om voor het eerst een 
methanogeen die groeit in een mineraal medium met 
DMS als enige koolstof- en energiebron uit een 
zoetwater sediment op te hopen en uiteindelijk te 
isoleren (Hoofdstuk 5). De stam (DMS1) bleek een 
obligaat methylotrofe methanogeen te zijn die kan 
groeien op DMS, MT, methylamines en methanol. De 
transiënte ophoping van MT in cultures groeiend op 
DMS geeft aan dat DMS wordt afgebroken met MT 
als intermediair. De stam verschilt van eerder op 
DMS geïsoleerde methanogenen doordat de andere 
isolaten allemaal uit zoutwater ecosystemen zijn 
afkomstig zijn en het nieuwe isolaat een duidelijk 
lager en voor zoetwater typisch zout concentratie 
optimum (0-0.04 M) heeft. De DMS afbraak door dit 
isolaat bleek aanzienlijk te worden beïnvloed door de 
aanwezigheid van MT en H2S. DMS werd dan ook 
alleen afgebroken in chemostaat cultures bij een lage 
MT en H2S concentratie. De DMS afbraak in deze 
continue cultures werd sterk geremd door de 
toevoeging van MT of sulfide. 
Gezien de lage mate van homologie met de 16S 
rDNA sequentie van de meest verwante methanogeen, 
Methanococcoides burtonii (94.5%), zijn positie in de 
fylogenetische boom, en zijn morfologie welke 
verschillend is met die van stammen uit de genera 
Methanolobus, Methanococcoides en Methanohalo-
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FIG. 1. Schema met daarin de mogelijke routes voor de methylgroepen afkomstig van gemethoxyleerde aromatische
verbindingen (R-O-CH3) naar acetaat of naar MT en DMS. Vorming van acetaat uit de methylgroepen van
gemethoxyleerde aromatische verbindingen via carbonylering gebeurd in condities met een lage sulfide concentraties (c).
Het belangrijkste mechanisme voor de vorming van VOZV in anoxische zoetwater sedimenten, de methylering van MT en
DMS vindt voornamelijk plaats in condities met hoge sulfide concentraties aangezien sulfide vereist is als methylacceptor
(d). De sulfide wordt met name gegenereerd door sulfaat reductie (s). De sulfide concentratie is afhankelijk van de
hoeveelheid eenvoudig af te breken organisch materiaal in het sediment en de concentratie van sulfaat en vrij ijzer in het
sediment porie water. Sulfaat en vrij ijzer worden voornamelijk in de natuurlijke systemen geïntroduceerd door de inlaat
van rivierwater (Rijn, Waal), grondwater en depositie. Het gevormde MT en DMS wordt in de meeste anoxische zoetwater
systemen methanogeen afgebroken (m). In aanwezigheid van sulfaat zijn ook sulfaat-reducerende bacteriën betrokken bij
deze afbraak. Het gevormde MT, DMS en ook methaan kan ook via de waterkolom naar de atmosfeer ontwijken. 
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philus en zijn zout tolerantie en optimum, is stam 
DMS1 benoemd als een nieuwe soort van een 
eveneens nieuw genus (Hoofdstuk 5). Als naam voor 
het nieuwe isolaat werd Methanomethylovorans 
hollandica gekozen. Analyse van verschillende 
sediment slurries met behulp van fluorescentie 
microscopie gaf aan dat methanogenen met 
morfologische en fluorescentie eigenschappen 
vergelijkbaar met die van M. hollandica zeer 
algemeen voorkomen. Aangezien uit celsuspensie 
experimenten bleek dat de omzetting van DMS een 
reversibel proces is lijkt het mogelijk dat deze 
methanogenen tevens in staat zijn tot de vorming van 
DMS door de methylering van MT. 
Van dezelfde zoetwater vijver waaruit M. hollandica 
werd opgehoopt werd tevens een anaerobe bacterie 
geïsoleerd in een sulfide-gereduceerd medium met 
syringaat als enige koolstofbron (Hoofdstuk 6). Het 
verkregen isolaat produceert MT en DMS middels 
methylering van sulfide door de methoxy groepen van 
syringaat. Het overblijvende aromatische residu wordt 
door de geïsoleerde bacterie omgezet tot acetaat en 
butyraat. Evenals een ander isolaat dat in staat is tot 
MT en DMS vorming m.b.v. gemethoxyleerde 
aromaten, Sporobacterium olearium, gaf 16S rDNA 
sequentie analyse aan dat stam SYR1 ook binnen het 
XIVa cluster van de lage GC Clostridiales groep valt. 
Stam SYR1 verschilt van andere isolaten doordat het 
alleen in staat is om gemethoxyleerde aromaten af te 
breken in aanwezigheid van sulfide. Dit sulfide doet 
daarbij zowel dienst als zwavelbron en als 
methylgroep acceptor. Op basis van zijn afwijkende 
fysiologie en 16S rDNA fylogenie is stam SYR1 een 
representant van een nieuwe soort en genus die 
Parasporobacterium paucivorans werd genoemd. 
De ecologische relevantie van de in deze studie 
verkregen isolaten werd getest door een grote 
screening van sedimenten verkregen van 
verschillende locaties in Nederland (Hoofdstuk 7). 
Met elk sediment werden sediment slurrie 
experimenten, MPN verdunnningsreeksen en 
“Amplified Ribosomal DNA Restriction Analysis” 
(ARDRA) uitgevoerd. De sediment incubatie 
experimenten bevestigden eerdere bevindingen dat de 
DMS vorming en afbraak in evenwicht met elkaar 
zijn, dat MT en DMS voornamelijk gevormd worden 
door middel van de anaerobe methylering van sulfide 
en MT en dat DMS en MT in anaerobe sedimenten 
met name worden afgebroken door methanogenen. 
MPN verdunningsreeksen met een mix van substraten 
voor methylotrofen (methanol, TMA en DMS) 
alsmede reeksen met alleen DMS toonden aan dat 
methanogenen die fysiologisch en morfologisch 
identiek lijken aan M. hollandica voorkomen in al de 
geteste sedimenten. De bacterie aantallen verschillen 
sterk per sediment en liggen in de orde van 2.3 x 101 
en 9 x 105 cellen per ml sediment slurrie. De 
resultaten van de ARDRA en de 16S rRNA sequentie 
analyse van het totaal DNA geïsoleerd uit de 
verschillende sedimenten en van het DNA geïsoleerd 
uit de hoogste positieve MPN verdunningen gaven 
aan dat de methanogenen die verantwoordelijk zijn 
voor de afbraak van niet alleen DMS en MT maar ook 
van methanol en TMA, fylogenetisch sterk verwant 
zijn met M. hollandica. 
De aanwezigheid van MT en DMS in de meeste van 
de hoogst positieve MPN verdunningen met syringaat 
als substraat (aantallen variërend tussen de 2.3 x 101 
en 2.3 x 105 cellen per ml sediment slurrie) geeft aan 
dat de methylering van sulfide met methylgroepen die 
afkomstig zijn van syringaat een zeer gangbaar proces 
is (hoofdstuk 7). De sediment incubaties, MPN 
tellingen en moleculair genetische analysen leveren 
vergelijkbare resultaten waarbij hoge bacterie 
aantallen corresponderen met hoge band intensiteiten 
van de ARDRA en hoge endogene fluxen van MT en 
DMS. De unieke combinatie van sediment incubatie 
experimenten, de ARDRA en moleculair genetische 
detectie hebben overtuigend bewijs geleverd dat de 
anaerobe methylering van sulfide en MT en de 
methanogene afbraak van MT en DMS veel 
voorkomende microbiologische processen zijn. 
Bovendien werd aangetoond dat de DMS-afbrekende 
methanogeen, M. hollandica, een in zoetwater 
sedimenten veel voorkomend Archaeon is. 
Samenvattend kan gezegd worden dat de bevindingen 
van deze studie hebben geleid tot een beter inzicht in 
de interconversies van VOZV in zoetwater 
sedimenten. Aangetoond is, dat MT en DMS de 
belangrijkste VOZV zijn in zoetwater systemen en dat 
ze voornamelijk worden gevormd in het sediment 
compartiment. Anaerobe methylering van sulfide en 
methanogene omzetting zijn de belangrijkste 
microbiologische processen in de vorming en afbraak 
van VOZV in zoetwater systemen (Fig. 1). Voor 
beide mechanismen zijn representatieve micro-
organismen opgehoopt, reingekweekt en zowel 
fysiologisch als moleculair biologisch 
gekarakteriseerd (respectievelijk M. hollandica en P. 
paucivorans). Het evenwicht tussen deze 
microbiologische processen leidt ertoe dat 
methylgroepen van verbindingen zoals bijvoorbeeld 
syringaat via de methylering van sulfide en MT 
uiteindelijk worden omgezet tot methaan. Daarnaast 
zijn er verschillende factoren geïdentificeerd die deze 
balans kunnen beïnvloeden wat leidt tot een 
veranderde flux van VOZV naar de atmosfeer. VOZV 
vorming bleek gestimuleerd te worden door hoge 
concentraties sulfide (voornamelijk in organische 
materiaal-rijke sedimenten) en door de grote 
hoeveelheden eenvoudig af te breken organisch 
materiaal (methyl-donoren). Sulfide concentraties 
blijken voornamelijk bepaald te worden door de 
hoeveelheid sulfaat en vrij ijzer in het sediment-porie 
water (Fig. 1).  
De methanogene afbraak van MT en DMS bleek 
geremd te worden door H2S. Daarnaast bleek dat in 
aanwezigheid van voldoende sulfaat, MT en DMS 
tevens worden afgebroken door sulfaat-reducerende 
bacteriën. Vanuit ecologisch oogpunt is dit een 
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belangrijk gegeven, gezien de toenemende sulfaat 
concentraties in zoetwater systemen als gevolg van de 
toenemende inlaat van rivier water (Rijn, Waal, etc.) 
om verdroging van deze gebieden tegen te gaan. De 
verhoogde sulfaat concentraties resulteren in 
verhoogde sulfide concentraties die uiteindelijk weer 
zullen leiden tot verhoogde VOZV vorming via met 
mechanisme van anaerobe sulfide methylering en tot 
een verhoogde VOZV afbraak door sulfaat-
reducerende bacteriën. Hoewel meer onderzoek nodig 
is om het resultaat van de combinatie van deze 
processen te kunnen voorspellen, blijkt uit in situ 
metingen dat hoge sulfide concentraties over het 
algemeen leiden tot hoge VOVZ concentraties. Een 
verhoogde flux van VOZV uit sulfide-verrijkte 
sedimenten lijkt daarom waarschijnlijk. 
De bevindingen van deze studie zijn tenslotte ook van 
essentieel belang om tot een beter inzicht te komen 
met betrekking tot de vorming en afbraak van 
gemethyleerde VOZV op het gebied van de 
milieutechnologie. In anaerobe reactoren zoals de 
“Upflow Anaerobic Sludge Blanket” reactoren, die 
afvalwater van bijvoorbeeld de papierindustrie (“Kraft 
pulping” proces) behandelen, waarin aromatische 
verbindingen en VOZV veelvuldig aanwezig zijn, 
zullen deze microbiële processen van interconversie 
van MT en DMS hoogstwaarschijnlijk ook 
plaatsvinden. Een onlangs uitgevoerde studie met slib 
van een anaerobe reactor die MT bevattend 
synthetisch afvalwater behandeld gaf aan dat er 
methanogenen aanwezig waren die morfologisch 
vergelijkbaar zijn met M. hollandica. Deze recente 
bevindingen geven aan dat de microbiologische 
processen die plaats vinden in deze reactoren 
welliswaar met hogere snelheden verlopen maar 
vergelijkbaar zijn met de processen zoals die 
plaatsvinden in de natuur. Daarmee is een goed bewijs 
geleverd dat natuurlijke processen door ons kunnen 
worden aangewend ter bestrijding van milieu-
problemen. 
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